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Les liposomes sont des nanovecteurs polyvalents et prometteurs quant à leur utilisation 
dans plusieurs domaines. Il y a une décennie, un nouveau type de liposome constitué 
d’amphiphiles monoalkylés et de stérols est né fortuitement dans notre groupe. Ils sont nommés 
Stérosomes puisqu’ils contiennent une grande proportion de stérols, entre 50 et 70 mol %. Les 
objectifs de cette thèse sont de développer de nouvelles formulations de Stérosomes ayant des 
caractéristiques spécifiques et d’acquérir une compréhension plus profonde des règles 
physicochimiques qui dictent leur comportement de phase. Nous avons spécifiquement examiné 
le rôle de motifs moléculaires des stérols, de la charge interfaciale et de la capacité à former des 
liaisons H dans les interactions intermoléculaires menant à l’autoassemblage. Le comportement 
de phase a été caractérisé par calorimétrie différentielle à balayage (DSC), par spectroscopie 
infrarouge (IR) et par spectroscopie de résonance magnétique nucléaire du deutérium (²H NMR). 
 
Premièrement, nous avons établi certaines corrélations entre la structure des stérols, leur 
tendance à former des bicouches fluides en présence d'amphiphile monoalkylé et la perméabilité 
des grandes vésicules unilamellaires (LUV) formées. La nature des stérols module les propriétés 
de mélange avec de l’acide palmitique (PA). Les stérols portant une chaîne volumineuse en 
position C17 sont moins aptes à induire des bicouches fluides que ceux qui ont une chaîne plus 
simple, comme celle du cholestérol. Un grand ordre de la chaîne alkyle de PA est un effet 
commun à tous les stérols investigués. Il a été démontré que la perméabilité des LUV peut être 
contrôlée en utilisant des stérols différents. Cependant, ces stérols n’ont aucun impact significatif 
sur la sensibilité des Stérosomes au pH. Afin de créer des liposomes qui sont sensibles au pH et 
qui ont une charge positive à la surface, des Stérosomes composés de stéarylamine et de 
cholestérol (Chol) ont été conçus et caractérisés. Il a été conclu que l’état de protonation de 
l’amine, dans ce travail, ou du groupe carboxylique, dans un travail précédent, confère une 




Les premiers Stérosomes complètement neutres ont été fabriqués en utilisant  un réseau de 
fortes liaisons H intermoléculaires. Le groupe sulfoxyde est capable de former de fortes liaisons 
H avec le cholestérol et les molécules d’eau. Une bicouche fluide métastable a été obtenue, à la 
température de la pièce, à partir d'un mélange équimolaire d’octadécyl méthyl sulfoxyde 
(OMSO) et de Chol. Ce comportement distinct a permis d’extruder le mélange pour former des 
LUV à la température de la pièce. Après 30 h, le temps de vie de la phase métastable, des 
Stérosomes stables et imperméables existaient toujours sous une forme solide. Un diagramme de 
température-composition a été proposé afin de résumer le comportement de phase des mélanges 
d’OMSO/Chol. 
 
Finalement, nous avons élaboré des Stérosomes furtifs en incorporant du polyéthylène 
glycol (PEG) avec une ancre de cholestérol (PEG-Chol) à l’interface de Stérosomes de PA/Chol. 
Jusqu’à 20 mol % de PEG-Chol peut être introduit sans perturber la structure de la bicouche. La 
présence du PEG-Chol n’a aucun impact significatif sur la perméabilité de la LUV. 
L'encapsulation active de la doxorubicine, un médicament contre le cancer, a été réalisée malgré 
la faible perméabilité de ces LUV et la présence du PEG à l’interface. L’inclusion de PEG a 
modifié considérablement les propriétés de l’interface et a diminué la libération induite par la 
variation de pH observée avec des LUV nues de PA/Chol. Cette formulation inédite est 
potentiellement utile pour l’administration intraveineuse de médicaments. 
 
 
Mots-clés: liposomes, membranes, phase liquide ordonnée, amphiphiles monoalkylés, stérols, 
cholestérol PEGylé, libération passive, libération contrôlée, encapsulation active, NMR, 






Liposomes are promising and versatile nanocarriers suitable for potential applications in 
many fields. A decade ago, a new type of liposomes formed from monoalkylated amphiphiles 
and sterols was born somehow fortuitously in our group. They are referred to as Sterosomes, 
because they contain a large proportion of sterols, between 50 and 70 mol %. The objectives of 
the present thesis are to develop novel Sterosome formulations with specific features, and to gain 
a deeper understanding of the physicochemical rules that dictate their phase behavior. We have 
specifically examined the role of the molecular features of sterols, of the interfacial charges and 
of the H-bond capacity in the intermolecular interactions leading to the self-assembly. The phase 
behavior was characterized by differential scanning calorimetry (DSC), infrared spectroscopy 
(IR), and nuclear magnetic resonance spectroscopy of deuterium (2H NMR). 
 
First, we have established some correlations between the structure of the sterols, the 
propensity to form fluid bilayers, and the permeability of the resulting large unilamellar vesicles 
(LUVs). The nature of the sterol modulates the properties of the mixture with palmitic acid (PA). 
Sterols bearing a bulky tail chain at C17 are less capable to induce fluid bilayers than those with a 
non-bulky tail chain, like that of cholesterol. A large ordering of the alkyl chain of PA is an effect 
exhibited by all of the investigated sterols. It is shown that the permeability of the LUVs can be 
controlled using different sterols. However, these sterols have no significant impact on the pH-
sensitivity of Sterosomes. In order to create liposomes that are pH-sensitive and that have a 
positive surface charge, Sterosomes composed of stearylamine and cholesterol (Chol) were 
designed and characterized. It is concluded that the protonation/deprotonation state of the amine 
(in this work) and carboxylic acid (in previous work) groups confers the pH-sensitivity and 




The first completely neutral Sterosomes were crafted based on the creation of strong 
intermolecular hydrogen bond networks. The sulfoxide group was capable of forming strong 
hydrogen bonds with cholesterol and water molecules. In an equimolar octadecyl methyl 
sulfoxide (OMSO)/Chol mixture, a metastable fluid bilayer was obtained at room temperature. 
This distinct phase behavior allowed extruding the mixtures to form LUVs at room temperature. 
After 30 h, the life-time of the metastable phase, stable and impermeable Sterosomes still existed 
in the solid form. A temperature–composition diagram was proposed to summarize the phase 
behavior of OMSO/Chol mixtures.  
 
Finally, a further step was made to prepare “stealth” Sterosomes by incorporating 
polyethylene glycol (PEG) with a cholesterol anchor (PEG-Chol) at the interface of PA/Chol 
Sterosomes. Up to 20 mol % PEG-Chol can be introduced without disturbing the bilayer 
structure. The presence of PEG-Chol had no significant impact on the permeability of the 
resulting LUVs. Active-loading of an anti-cancer drug, doxorubicin, can be achieved despite the 
low permeability of these LUVs and the presence of the PEG at the interface. The inclusion of 
PEG modified considerably the interface properties and decreased significantly the pH-triggered 
release observed with naked PA/Chol LUVs. This novel formulation is potentially useful for the 
application of intravenous administration in the drug delivery field. 
 
Keywords: liposomes, membranes, liquid-ordered phase, monoalkylated amphiphiles, sterols, 
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 Sterol-rich non phospholipid liposomes formed with monoalkylated amphiphiles and 
sterols were somehow fortuitously born in our group. Palmitic acid (PA) and cholesterol (Chol), 
in a molar ratio of 30/70, was the very first formulation found to form stable liquid-ordered (lo) 
phases once PA was unprotonated at high pH (≥ 7.5).1 PA/Chol liposomes displayed a limited 
permeability and were shown to be pH-sensitive.2 Those properties make them potential and 
promising candidates as carriers in many fields, such as drug delivery. Because of their high 
sterol content, these liposomes were named Sterosomes. 
 
This thesis aims to extend the understanding of the molecular prerequisites for the 
formation of the lo phase from mixtures of monoalkylated amphiphiles and sterols. The effect of 
different sterols was studied to establish some correlations between the structure of sterols, the 
propensity to form a fluid lamellar phase, and the permeability of the resulting large unilamellar 
vesicles (LUVs). As all the reported Sterosomes, at this point, bear at least one charge. We 
attempted to develop the first completely neutral formulation, a project that provided us with a 
deeper understanding related to the contribution of electrostatic interactions in the formation of 
these lamellar phases. In addition, we designed and created dual functionalized Sterosomes, 
namely, cationic and pH-sensitive. Finally, we explored the possibility of modifying the 
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interfacial properties of Sterosomes by grafting a hydrophilic polymer to make them more 
suitable as drug carriers for intravenous administration. 
 
In this introduction, first we will start briefly with some background knowledge about 
liposomes. Second, the current state of knowledge associated with the lamellar phases formed 
from mixtures of monoalkylated amphiphiles and sterols is reviewed. The last part of this 
introduction focuses on a few techniques utilized in the present work for the characterization of 
the systems. 
 
1.1 Background knowledge 
 
A nanocarrier is a vehicle of nanoscopic size (10–9 m) attaching, embedding or 
encapsulating active ingredients to protect them, and/or bring them to targeted sites. Organic and 
inorganic materials as well as their combinations lead to a rich variety of nanocarriers, such as 
nanoparticles,3-5 polymeric micelles,4, 6 dendrimers7-10 and liposomes.11-14 The morphology and 
physicochemical properties of nanocarriers are found to be very diverse, serving for different 
applications. 
 
Liposomes are the main subject of this thesis, which will be focused in detail. Liposomes 
are formed by a single or several bilayers of self-assembled amphiphiles. These bilayers separate 
the external and the internal environments (both aqueous phases), while their core is 
hydrophobic. As a consequence, liposomes are able to encapsulate hydrophilic molecules in their 
entrapped aqueous compartment, and hydrophobic molecules inside their bilayers. Liposomes 
Chapter 1 Introduction 
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can be used in many fields, such as cosmetics,15 foods,16, 17 textiles,18 etc. As pharmaceutical 
carriers in vivo, liposomes evolved from the early classical formulations, via stealth and targeted 
liposomes, to smart liposomes.12-14  After intravenous administration, the first physiological 
barrier to be overcome is the rapid clearance from the blood circulation by the MPS. In order to 
reach their final destination, liposomes must circulate long enough in the blood stream. 
Conventional liposomes have very short half-life time in the blood circulation, typically, minutes 
to a few hours.19 In order to avoid rapid clearance from the blood stream, one idea is to modify 
the surface of these conventional liposomes to reduce the binding of opsonins. A steric repulsion 
can be created at the surface level by grafting flexible and hydrophilic polymers (e.g., PEG and 
polysaccharides).20, 21 This polymer shell inhibits opsonization by preventing protein adsorption. 
Consequently, these "stealth" liposomes have long circulating time in the blood stream.20, 21  
 
In the present work, freeze-and-thaw cycles and extrusions have been used to prepare 
large unilamellar vesicles (LUVs). Freeze-and-thaw cycles are a non-mechanical method leading 
to the formation of multilamellar vesicles. The extrusion is a mechanical process where the 
liposomal suspension passes through filters with pores of a well-defined size.    
Chapter 1 Introduction 
4 
 
1.2 Lamellar self-assemblies of monoalkylated amphiphiles 
and sterols and the derived liposomes: distinct composition 
and distinct properties  
 
 




Ready to be submitted 
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1.2.1 Introduction  
 
Bilayers made of phospholipids and sterols have been studied extensively.22-27 These self-
assemblies are models for eukaryote plasmic membranes, and several interesting findings 
inferred from these models have influenced our understanding of the physicochemical behavior 
of membranes, as well as of several biochemical cellular processes. Inspired from biological 
membranes, these thin, impermeable, and fluid bilayers also constitute valuable nanoscale 
elements that are useful for technological applications in several fields, including controlled 
release, targeting,20, 28, 29 and biosensors.30, 31 More recently, it has been shown that some 
mixtures of monoalkylated amphiphiles and sterols can self-assemble to form similar lamellar 
structures. Typically, monoalkylated amphiphiles or sterols do not form fluid lamellar phases 
once hydrated individually. Most of the monoalkylated amphiphiles form actually micelles in 
aqueous environments, while sterols display a very limited solubility. Therefore it was somehow 
unexpected to find out that, in certain conditions, mixtures of monoalkylated amphiphiles and 
sterols can form stable fluid bilayers. In the past decade, significant developments have been 
made, identifying several new systems leading to lamellar self-assemblies and bringing insights 
into the interactions leading to their formation. It was also shown that these lamellar systems 
could lead to the formation of unilamellar vesicles, similar to liposomes composed of 
phospholipids. These vesicles display distinct properties that make them potentially appealing for 
some applications. The present article reviews the current knowledge relative to these non 
phospholipid bilayers made of monoalkylated amphiphiles and sterols. 
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1.2.2 Mixtures of monoalkylated amphiphiles and sterols forming bilayers  
 
A fair number of reports indicate or suggest the formation of fluid lamellar phases from 
monoalkylated amphiphile/sterol mixtures. In most cases, cholesterol is the selected sterol. 
Different monoalkylated amphiphiles, including zwitterionic, ionic, and neutral ones, have been 
shown to have the ability to form lamellar phases with sterols.  
 
1.2.2.1 Monoalkylated amphiphiles with cholesterol 
 
Lysolecithin (a phospholipid with a phosphocholine head group but bearing a single chain) 
and cholesterol were the first couple for which the formation of a fluid lamellar phase was 
reported. Lysolecithin generally forms micelles when hydrated. In 1975, it was shown, using X-
ray diffraction, electron spin resonance, and electron microscopy, that lysolecithin derived from 
egg-yolk lecithin (approximately 80% palmitoyl(C16)lysolecithin and 20% 
stearoyl(C18)lysolecithin), interacts stoichiometrically with cholesterol to form lamellar 
structures.32, 33 The formation of a lamellar structure was also reported for the equimolar mixture 
of 1-palmitoyl-sn-glycerol-3-phosphocholine and cholesterol.34. The thickness of the resulting 
bilayer was found to be 4.2 nm. Based on scanning calorimetry and 13C NMR, it was concluded 
that the 1:1 molar ratio complex provided an optimal composition because all the lysoPC existed 
in the fluid lamellar phase without excess of cholesterol. Similarly, a systematic study using 31P 
NMR and X-ray scattering showed that mixtures of 1-palmitoyl-2-hydroxy-sn-glycerol-3-
phosphocholine/cholesterol form fluid bilayers.35 The lysoPC self-assembly was progressively 
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modified upon the addition of cholesterol, from micelles for pure lysoPC to fluid bilayers when 
the mixture included 70 mol % cholesterol. 
 
Fluid lamellar self-assemblies of palmitic acid (PA) and cholesterol in aqueous 
environment have been studied systematically by Paré and colleagues.36 This study reported the 
phase-composition diagram (Figure 1.1) that shows a region at high temperature where lamellar 
phase is exclusively formed. The authors concluded that there is a "eutectic-like" composition 
corresponding to 65–70 mol % cholesterol. The formation of fluid bilayers in the presence of 70 
mol % cholesterol was extended to other saturated fatty acids, including myristic acid, stearic 
acid,37 -hydroxypalmitic acid (OH-PA), and -fluoropalmitic acid (F-PA).38 The presence of 
the carboxylic group confers to these bilayers pH-sensitivity. For example, mixtures of 
cholesterol and unprotonated PA at high pH (≥ 7.5) are stable in the lamellar phase. A phase 
separation occurs, as pH is decreased below 7.5 and PA is protonated. By introducing an electron 
withdrawn group, such as –OH and –F, the pKa of palmitic acid derivatives can be modulated, 
therefore, the stability of the fluid bilayers and of the resulting liposomes can be modulated on 
the pH scale.38  







Alkylated ammonium molecules were also shown to be good candidates for the formation 
of bilayers with sterols. These amphiphiles lead to the formation of positively charged bilayers. 
Stable fluid bilayers are formed by equimolar mixtures of stearylamine and cholesterol.39 At low 
pH (< 9.5), stearylamine is protonated and then bears an ammonium group. The positively 
charged stearylamine forms stable lamellar phases with cholesterol. However, a phase separation 
causing the disappearance of the lamellar phase occurs when stearylamine is deprotonated, at 
pH > 9.5. Cetylpyridium chloride (CPC) and cetyltrimethylammonium bromide (CTAB), two 
cationic detergents exist under micellar form in water.40 They form stable bilayers with the 
inclusion of cholesterol.41-43 Cholesterol induces the transformation of CTAB micelles, to mixed 
micelles, to bilayers. Beyond 50 mol % of cholesterol, the bilayer reaches the cholesterol 
solubility limit and cholesterol crystals are observed.  
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Experimental and computational work by Swamy’s group suggests that N-
myristoylethanolamine, N-palmitoylethanolamine, and N-stearoylethanolamine can also form 
lamellar phases in the presence of cholesterol.44, 45 These amphiphiles showed a chain melting 
transition that was progressively abolished in the presence of cholesterol. In the equimolar 
complex, no phase transition was observed. The authors referred to as the formation of a 
"complex" but no phase characterization was carried out. 
 
The lamellar self-assemblies obtained with hydrated non-ionic surfactants are known as 
Niosomes.46-48 Cholesterol is not always essential for bilayer formation in Niosome formulations. 
For example, synthetic alkyl glycosides49 and sorbitan esters (Span 20, 40, 60, 80)50 form vesicles 
without any cholesterol. The following section focuses on monoalkylated non-ionic surfactants 
that require cholesterol to form lamellar self-assemblies. Tween 20 and Tween 61 usually form 
micelles in water, whereas the presence of a minimum amount of 33.3 and 10 mol % cholesterol, 
respectively, leads to fluid bilayers.51, 52 For both detergents, the lamellar phases are still observed 
when the cholesterol content is increased to 50 mol %.52-56 Tween 21/Chol55 equimolar mixtures 
are shown to form lamellar phases. Mixtures of diglyceryl monolaurate (DGL)/Chol and 
tetraglyceryl monolaurate (TGL)/Chol self-assemble into bilayers once the proportion of 
cholesterol is minimally 10 and 30 mol %, respectively.52 Polyoxyethylene alkylethers can also 
form fluid bilayers in the presence of cholesterol. For example, C12EO2, C12EO7, and C16EO2 are 
reported to exist exclusively in the lamellar phase in the presence of 30, 10, and 25 mol % 
cholesterol, respectively.52, 57-59 Recently, it is reported that octadecyl methyl sulfoxide (OMSO) 
can mix with cholesterol in equimolar proportion, and gives rise to a lamellar phase above its 
transition temperature.60 





It has been demonstrated that cholesterol is not the only sterol which can induce the 
formation of lamellar phases with fatty acids. Cholesterol sulfate, dihydrocholesterol, and 7-
dehydrocholesterol were also shown to promote the formation of lamellar phases once mixed 
with palmitic acid and its derivatives.38, 61, 62 Stigmastanol, stigmasterol, and ergosterol can also 
lead to the formation of a lamellar structure with palmitic acid but their propensities to induce 
bilayers is limited.62 Mixtures of cholesterol sulfate and CPC (70/30 molar ratio) are also found 
to form stable lo bilayers between 10 and 70 oC.  
 
1.2.2.3 Ternary mixtures 
 
A limited number of studies have examined the behavior of ternary mixtures with two 
monoalkylated amphiphiles and cholesterol, or one monoalkylated amphiphile and two sterols. 
Non phospholipid liposomes formed from a ternary mixture of polyoxyethylene alkylether, free 
fatty acid, and cholesterol have been used commercially as Novasome®,63 Ternary mixtures of 
Tween 60/SA/Chol were also shown to exist as fluid bilayers.64 Tween 60 and cholesterol were 
known to self-assemble in a lamellar phase, and stearylamine was introduced in order to provide 
the resulting liposomes with a positive surface charge. Ternary mixtures of PA/Chol/Schol were 
shown to form stable bilayers over a wide range of pH values and temperatures.61 The 
combination of the two sterols (a neutral and an anionic one) was an original approach in order to 
modulate the bilayer stability as a function of pH.  
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1.2.3 Prerequisites for fluid lamellar self-assemblies  
 
The mixing of the monoalkylated amphiphiles and sterols, and the proper hydration of the 
interface are two parameters critical for the formation of stable fluid lamellar phases. In this 
section, factors that impact these parameters are discussed in details. These include the nature of 
monoalkylated amphiphiles and sterols, the hydrophobic matching, the electrostatic interactions, 
and the hydrogen bonding. 
  
1.2.3.1 Effect of sterols 
 
Cholesterol is an important biomembrane component that has been studied extensively. It 
generally exists in large amounts in eukaryotic plasmic membranes, and plays essential roles in 
membrane functions, including raft formation, cell signaling, and protein sorting.26, 65-67 One of 
the most special properties of cholesterol in relation to the phospholipid membrane structure is 
the formation of a liquid-ordered (lo) lamellar phase, a phenomenon originally introduced by 
Ipsen et al. in 1987.24 The lo phase is an intermediate state between the solid-ordered (gel) phase 
and the liquid-disordered (fluid) phase. The lipid chains are ordered in an almost all-trans form, 
like in the gel phase. However the bilayers maintain their fluidity, the lateral and rotational 
diffusions being similar to those observed in the fluid phase.24, 68 The formation of the lo phase is 
associated with the ambivalent character of cholesterol. On one hand, because of its shape 
considerably different than that of phospholipids, it prevents the tight packing of their alkyl 
chains, and the formation of the gel phase. On the other hand, because of its smooth hydrophobic 
face, cholesterol rigidifies the neighboring phospholipid alkyl chains. These features lead to fluid 
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bilayers with ordered alkyl chains. The ordering effect of cholesterol on phospholipid bilayers is 
well established. The order parameters of the smoothed order profiles of several cholesterol 
containing systems, including 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC)/Chol,69 
1-palmitoyl-2-oleoyl-phosphatidylethanolamine (POPE)/Chol,70 and 
dimyristoylphosphatidylcholine (DMPC)/Chol,71 have high values and demonstrate the restricted 
intramolecular motions of the lipid alkyl chains. The ordering of the phospholipid chains leads to 
thicker membranes, and as a consequence, cholesterol incorporated in phospholipid bilayers 
decreases the permeability of the resulting liposomes. The maximum solubility of cholesterol in 
phospholipid matrices is typically between 30 and 40 mol %.72-74 However, this parameter is still 
somehow a matter of debate because, using alternative preparative methods, it was reported that 
66 and 51 mol % cholesterol can be incorporated in phosphatidylcholine and 
phosphatidylethanolamine bilayers, respectively.73  
 
The molecular arrangement in the lo phase is still a controversial topic. Several 
conceptual models were proposed to explain the cholesterol-phospholipid interactions in the 2D 
membranes, including the condensed-complex model,75, 76 the superlattice model,77, 78 and the 
umbrella model.79 The condensed-complex model suggests the reversible formation of 
stoichiometric cholesterol (C)–phospholipid (P) complexes, defined in thermodynamics terms.  
݊ݍܥ ൅ ݊݌ܲ ֖ ܥ௡௤ ௡ܲ௣ 
where, p and q are prime integers, and n is the cooperativity parameter. In a binary mixture of 
cholesterol and phospholipid, the complex CnqPnp normally coexists either with a phospholipid-
rich phase or with a cholesterol-rich phase. At the equivalence molar ratio q/(p + q), there is 
neither an excess of cholesterol nor an excess of phospholipid. This equivalent point is 
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determined from experimental phase diagrams.80 For example, reports have confirmed the values 
of q = 1, p = 2, and a variation of n from 1 to 10.76, 81 The superlattice model proposes that 
cholesterol molecules display, at some critical concentrations, a specific long-ranged order in 
phospholipid bilayers. It was inferred that for the critical sterol mole proportions of 20.0, 22.2, 
25.0, 33.3, 40.0, and 50.0 mol %, regular superlattices are formed by the sterol molecules. At any 
other given sterol mole fraction, the superlattices coexist with areas where cholesterol is 
irregularly distributed. The umbrella model proposes that cholesterol molecules are covered by 
neighboring polar phospholipid head groups to avoid the unfavorable free energy associated with 
exposing cholesterol to water. Since the hydrophilic part of cholesterol is small (a simple 
hydroxyl group), the phospholipids organize themselves to form an umbrella to protect 
cholesterol from interactions with water. 
 
The two-dimensional molecular arrangement of the mixtures of cholesterol and 
monoalkylated amphiphiles is not known, and the current models proposed for phospholipid-
based bilayers do not appear applicable in a straightforward way. For most investigated systems, 
it was concluded that there is a progressive increase of the lipid proportion existing in the 
lamellar phase as a function of increasing cholesterol content.36, 39, 60 It is identified that there is a 
particular cholesterol proportion for which the system exists exclusively in the lo lamellar phase. 
Increased cholesterol content leads to the appearance of solid cholesterol.36, 39, 60 In any case there 
was the identification of critical concentrations of cholesterol that could be associated with 
superlattice distributions – even though no study has examined a large number of compositions 
that are involved in such studies.35, 36, 39, 60 The proportion of monoalkylated amphiphiles, such as 
fatty acid and fatty amine, in the fluid bilayers make the umbrella model hardly compatible with 
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these systems. For example, it is practically impossible to picture how 30 mol % of unprotonated 
PA could provide enough shielding for 70 mol % cholesterol. This proportion is also greatly 
different than the one reported in the condensed-complex model. Typically, the reported 
stoichiometry of the complex is 1 cholesterol for 2 phospholipids, and therefore, 4 alkyl chains. 
This corresponds to 20 mol % cholesterol if one considers cholesterol and single alkyl chains. 
This value is far from 70 mol % that is commonly determined in the monoalkylated 
amphiphile/Chol bilayers. 
 
The alkyl chain order of the fluid bilayers prepared from monoalkylated amphiphiles and 
sterols has been determined for some systems. The mixtures formed with fatty acids have been 
characterized by 2H NMR as some deuterated analogues are commercially available. The 
orientational order along the palmitic acid chain in the PA/Chol bilayers was typical of a bilayer 
in the lo phase with a plateau region near the polar head group, followed by a rapid decrease of 
the order going towards the end of the chain.82, 83 However the measured order parameters were 
considerably high. For example, it was ~0.46 for the plateau of the profile of PA-d31/Chol 
bilayers, at 25 °C.62 It should be mentioned that the maximum order parameter, obtained for an 
all-trans chain, would be 0.5. Therefore, it is concluded that the alkyl chains of the monoalkylated 
amphiphiles in these bilayers with a large sterol content display a very high chain order, among 
the most ordered fluid bilayers ever reported. The smoothed order profiles of the PA/Chol system 
could be reproduced by molecular simulations for PA/Chol mixtures.84  
 
The orientation and dynamics of cholesterol in these bilayers have also been investigated 
using 2H NMR. Cholesterol deuterated at the positions 2,2,4,4,6, on the steroid rings, was 
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introduced in bilayers formed from a mixture of PA/Chol,36 OMSO/Chol,60 CPC/Chol,43 and 
SA/Chol.39 The studies revealed that cholesterol actually experiences similar orientation and 
dynamics in all these binary mixtures. Cholesterol displays an axially symmetric motion and its 
long axis is essentially aligned with the bilayer normal. Very limited molecular wobbling is 
reported. These characteristics are comparable to those previously reported for cholesterol 
inserted in phospholipid bilayer such as DMPC/Chol,85, 86 in model mixtures of stratum corneum 
lipids forming bilayers,83 and even in human red blood cell membranes87 and membranes of 
mycoplasma Acholeplasma laidlawii (Strain B).88 It appears that, despite the limited proportion 
of amphiphiles to "solubilize" cholesterol in the two-dimensional bilayers, the sterol displays a 
behavior similar to that in phospholipid-based bilayers. 
 
Several sterols are reported to display an impact on phospholipid bilayers similar to that 
observed for cholesterol.26, 71, 89-94 A “universal behavior” of sterols on the hydrophobic thickness 
and the elastic properties of phospholipid membranes has even been proposed.89 Similar effects 
of other sterols were observed on the lamellar self-assemblies but small variations are reported 
depending on the molecular details of the sterol structure. The ordering effect of other sterols on 
palmitic acid, as determined by 2H NMR, was similar to that of cholesterol. The investigated 
sterols were dihydrocholesterol, 7-dehydrocholesterol, stigmastanol, stigmasterol, and 
ergosterol.62 In a binary mixture of PA/sterol 30/70 molar ratio, dihydrocholesterol and 7-
dehydrocholesterol displayed an equivalent propensities for the formation of lo bilayers with 
palmitic acid. However, stigmastanol, stigmasterol, and ergosterol had a limited ability to form 
lamellar phases with palmitic acid.62 All of these sterols are neutral and bear a hydroxyl group at 
the position C3. Stigmastanol, stigmasterol, and ergosterol have branched and unsaturated chains 
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at the position C17, leading to a bulkier group than the others. These bulky alkyl tail chains may 
result in a less tight chain packing, leading to reduced intermolecular interactions. Such situation 
appears to be unfavorable for the formation of fluid lamellar phases. Thus, it is concluded that 
different sterols have the ability to induce the formation of lo lamellar phases, and that the alkyl 
tail chain of those sterols has more pronounced effects than the ring network on the stability of 
the resulting lamellar self-assemblies.  
 
1.2.3.2 Hydrophobic match 
 
It was demonstrated that the hydrophobic matching between the alkyl chain of 
monoalkylated amphiphiles and the hydrophobic section of sterols is essential to form stable 
bilayers. The self-assembled structures formed by a series of mixtures including cholesterol and a 
linear saturated fatty acid with various chain length was characterized.37 It was found that fatty 
acids with acyl chains of 14–18 carbon atoms led to the formation of lo phase bilayers with 
cholesterol, whereas the shorter lauric acid (C12) and longer lignoceric acid (C24) did not. 
Recently computational simulations provided some description at the molecular level of these 
phase behaviors.84 On one hand, when bilayers were formed with cholesterol and lauric acid (that 
was reported too short to form bilayers with cholesterol), it was found that the amphiphilic 
balance of the free fatty acid would lead to a significant proportion of lauric acid diffusing out of 
the bilayer, leading to the formation of spherical micelles and to the destabilization of the 
lamellar structure. On the other hand, the simulations showed that lignoceric acid (that was 
reported too long to form bilayers with cholesterol) would increase locally the bilayer thickness, 
creating voids that would unzip the two leaflets of the bilayer.  
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The majority of the reported monoalkylated amphiphile/sterol systems leading to the 
formation of fluid bilayers fulfill the hydrophobic match requirement. There are, however, reports 
of a few systems with shorter alkyl chain that appear to mix with cholesterol and to form fluid 
lamellar phases. This is the case, for example, of C12EO2, DGL, and TGL, three non-ionic 
surfactants bearing a 12 carbon alkyl chain that formed bilayers with 30, 10 and 30 mol % 
cholesterol.52 The large size of the head group of C12EO2, DGL, and TGL appears to bring a 
specific stability to the resulting lamellar assemblies. 
 
1.2.3.3 Electrostatic interactions 
 
Electrostatic interactions favor both lipid mixing and hydration. At this point, most of the 
binary mixtures of a monoalkylated amphiphile and a sterol that form stable lo lamellar phases 
include at least one species with a charge at the head group level. It is proposed that the 
electrostatic repulsion is reduced by mixing with the other neutral molecules, promoting a 
homogenous mixture. Usually, a phase separation occurs in either both neutral or both like-
charged systems; fatty acid/sterol95 and SA/Chol39 systems exemplify this behavior. For PA/Chol 
mixture, lamellar phases exist when neutral cholesterol is mixed with deprotonated PA at high 
pH (PA is negatively charged). Solid PA and cholesterol are observed at low pH when both of 
them are neutral.95 Conversely, fluid bilayers are formed when negatively charged cholesterol 
sulfate is mixed with neutral PA, at low pH. Phase-separated species appear at high pH when 
they both bear a negative charge.61 In the SA/Chol mixture, stable lamellar phases exist only 
when SA is protonated (SA is positively charged). Phase separations occur when SA is 
neutralized.39 The absence of charges on the neutral bilayers causes the expulsion of water 
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molecules at the interface, and therefore, reduces the hydration and favors the phase separation. 
By modulating the bulk pH, one can switch the protonation/deprotonation states of the 
monoalkylated amphiphiles. Taking the advantage of this pH-dependent phase behavior, pH-
sensitive liposomes were successfully developed from PA/sterol62 and SA/Chol39 mixtures.  
 
It is also found fluid bilayers are self-assembled when both of the species share an unlike 
charge, providing electrostatic attraction, and consequently promoting lipid mixing and suitable 
hydration at the interface. When positively charged CPC is mixed with negatively charged 
cholesterol sulfate in a molar ratio of 30/70, lo lamellar phases are reported to be stable over the 
relatively wide range of temperature and pH (10–70 oC, pH 5–9).43 When positively charged SA 
is mixed with Schol at low pH, stable lamellar phases are also observed (unpublished data). In the 
ternary mixture of PA/Chol/Schol (30/28/42 molar ratio), when PA protonated or deprotonated, 
70 or ~40 mol % negative charges exist in the system. The electrostatic repulsion can be 
minimized by the neutral species. Three different lipids were well-mixed and with proper 
hydration degree, the mixture formed stable fluid bilayers over a wide range of pH.61, 96 
 
It was shown that lysoPC, a zwitterionic monoalkylated amphiphiles, could also form 
bilayers with cholesterol.35 In this case, it is likely that the presence of the charges at the head 
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1.2.3.4 Hydrogen bonds  
 
Hydrogen bonds can also promote lipid mixing and hydration. The stability of fluid 
bilayers with non-ionic surfactants, such as alkylethers and cholesterol must originate from other 
type of intermolecular interactions than coulombic interactions, and hydrogen bonds are proposed 
to play a pivotal role in some systems. In these systems, the polar head group of monoalkylated 
amphiphiles can act as both donors and acceptors for hydrogen bonds. The hydrogen bonds 
between the monoalkylated amphiphiles and sterols promote lipid mixing. In parallel, the 
hydrogen bonds with water molecules enhance the hydration of the interface. Both of the factors 
have synergistic effects on the formation of lo phases.  
 
Sulfoxide group is a very good hydrogen bond acceptor that forms hydrogen bonds with 
hydroxyl groups stronger than those formed with carbonyl group.98, 99 Moreover sulfoxide group 
interacts strongly with water. OMSO/Chol mixtures can form fluid lamellar phases at room 
temperature,60 and it is proposed that these strong hydrogen bonds involving the sulfoxide group 
and both cholesterol and water molecules contribute to the stability of the bilayers. The behavior 
of this mixture contrasts with that of the equimolar mixture of PA/Chol at low pH (PA is neutral), 
which forms, at room temperature, phase separated crystalline forms.1 It is proposed that the 
hydrogen bonds between the carbonyl group of PA and cholesterol and water are not strong 
enough to drive good lipid mixing and proper hydration. It must be pointed out that OMSO/Chol 
fluid bilayers are in fact metastable at room temperature and there is a progressive solidification 
of the components over 30 hours. Experimental and computational results also demonstrated that 
hydrogen bonds are one of the important factors in the stabilization of the fluid lamellar phases 
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obtained from mixtures of N-acylethanolamines/Chol. Two hydrogen bonds are proposed to be 
particularly important: the one between the hydroxyl group of cholesterol and the amide carbonyl 
of N-acylethanolamine, and the one between the hydroxyl groups of N-acylethanolamine and the 
hydrogen of the hydroxyl group on cholesterol.100 For non-ionic surfactants, such as alkyl 
glycerol ether (CnGm) and alkylesters (CnEOm) systems, there are multiple hydrogen bond 
possibilities with cholesterol and water molecules,51 and this contribution is believed to promote 
the formation of lo lamellar phases. 
 
1.2.3.5 Molecular morphology and critical packing parameter 
 
The amphiphile morphology plays a critical role in determining the geometry of their self-
assemblies. This concept has led to a model developed by Israelachvili,101, 102 that defines a 
critical packing parameter (CPP). 
ܥܲܲ ൌ ݒܫ௖ܽ଴ 
where ݒ is the volume of the hydrocarbon chain, Ic, the critical hydrophobic chain length, and ܽ଴, 
the area of the hydrophilic head group. It has been shown that a calculated CPP value between 
0.5 and 1 indicates that the amphiphile is likely to form lamellar phases. Values below 0.5 
(indicating a large contribution from the hydrophilic head group area relative to the hydrophobic 
section) are typical for amphiphiles self-assembling into micelles. A CPP above 1 (indicating a 
large contribution from the hydrophobic group volume relative to the polar head group) would 
result in the formation of inverted micelles. Even though the CPP values are somewhat difficult 
to identify with high precision in an absolute manner, the model is a useful tool for predicting the 
morphology of self-assemblies, in a semi-quantitative manner. 
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In order to form bilayers, the overall CPP of the system should be around 1. The CPP of 
cholesterol is estimated to 1.08, based on its volume (605 Ǻ3), length (15.2 Ǻ), and hydrophilic 
area (37 Ǻ2). Generally, the CPP values for detergent are 0.5 or below. It can be assumed that the 
geometrical parameters of the component of a mixture are additive.103, 104 Consequently, it is 
predicted that mixing of the cone-shape cholesterol and inverted cone-shape detergent leads to an 
overall CPP compatible with the formation of a lamellar phase (Figure 1.2). The overall CPP was 
calculated to be around 1 when 65–75 mol % cholesterol was mixed with PA; such mixtures lead 





1.2.4 Features of non phospholipid liposomes 
 
The formation of fluid bilayers by mixtures of monoalkylated amphiphiles and sterols 
offers the possibility to prepare unilamellar vesicles. Such structures could be successfully 
obtained using different methods, and the resulting liposomes have been shown to possess some 
distinct properties.  
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1.2.4.1 Formation methods  
 
Multilamellar vesicles are formed spontaneously when the powdered amphiphiles are 
hydrated.2 It is possible to extrude the multilamellar dispersion to prepare large unilamellar 
vesicles (LUVs), using standard extrusion techniques. LUVs were prepared, for instance, from 
PA/sterols2, 62 (30/70), OMSO/Chol60 (50/50), CPC/Schol43 (30/70), CPC/Chol (50/50), 
SA/Chol39 (50/50) mixtures. The extrusion technique displays some advantages. The size of the 
resulting vesicles is fairly uniform, and can be easily controlled by the pore size of the filter.2 
This method can be easily scaled up for commercial developments. Alternative methods were 
used for unilamellar liposome preparations. CTAB/Chol LUVs were prepared using the DELOS-
SUSP method. This method is particularly suitable for the preparation of LUVs that include a 
water-insoluble compound such as cholesterol.42 Briefly, a supersaturated cholesterol solution in 
acetone is mixed with CO2 supercritical fluid. This homogenized solution is then mixed with the 
surfactant upon depressurization; cholesterol and surfactant molecules self-assemble into vesicles. 
Sonication has also been used for unilamellar vesicle preparation, especially in the case of 
Niosomes.47, 53, 55, 58 This method is straightforward but leads to difficulties in obtaining uniform 
size of vesicles and in scale-up.  
 
1.2.4.2 Encapsulation, stability & permeability 
 
It was demonstrated that the liposomes prepared from monoalkylated amphiphile/sterol 
systems can encapsulate solutes in a manner analogous to phospholipid-based liposomes. At this 
point, only passive loading has been investigated with the LUVs prepared from monoalkylated 
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amphiphile/sterol mixtures. For example, the encapsulation capacity of PA/Chol LUVs with 
diameter varying from 50 to 200 nm was determined to be 1.4 to 3.4 L/mol.2 Those values are 
similar to those measured for phospholipid vesicles.105, 106 These LUVs were made from a 
monoalkylated amphiphile, and therefore this effectively decreases the encapsulation capacity 
expressed in molar terms comparing with phospholipid liposomes, as these molecules bear two 
hydrophobic chains. Solute trapping is also reported for LUVs prepared from equimolar mixtures 
of Tween 61/Chol, C12EO2/Chol, and TGL/Chol, and the entrapment efficiency is 21%, 4%, and 
5%, respectively. It was proposed that the short 12-carbon alkyl chain leads to weak interactions 
with cholesterol, and more deformable liposomes. The formation of tube-shaped aggregates 
instead of spherical liposomes would be a critical factor in the low entrapment efficiency 
observed for mixtures of cholesterol with C12EO2 and TGL. 
 
 The size of the LUVs composed of several monoalkylated amphiphile/sterol systems is 
found to be very stable. No significant size changes were observed at least for a month for 
PA/Chol,2 OMSO/Chol,60 and SA/Chol39 liposomes, at room temperature and pH ~7.5. 
Particularly, OMSO/Chol vesicles were stable over a wide pH range (2–12), nearly without size 
change and with very limited permeability. A similar behavior is reported for PA/Chol/Schol 
liposomes.61, 96  
 
The permeability of liposomes prepared from several monoalkylated amphiphile/sterol 
mixtures has been characterized,2, 38, 39, 43, 61, 62, 96 and it was determined to be very limited. For 
example, the passive release of entrapped glucose from PA/Chol led to a leakage of only 10% 
after 30 days,2 and about 90% of the entrapped glucose was released from SA/Chol LUVs over 
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the same period.39 This passive permeability compares advantageously to that of phospholipid-
based liposomes: for example, more than 90% of encapsulated glucose leaked out from 
phosphatidylcholine liposomes containing between 40 and 50 mol % cholesterol within 10 days.2, 
107 Similarly, after 600 days (near two years), ~70% of calcein was still trapped in the PA/Chol 
liposomes.38 LUVs prepared from the ternary PA/Chol/Schol mixture were shown to sustain a pH 
gradient 100 times longer than POPC/Chol ones.96 It has been proposed that the high content 
sterol incorporated in the non phospholipid liposomes was the main reason for the limited 
permeability. It was shown that these bilayers in the lo phase display a very high chain order (see 
1.3.3.1), leading to thick bilayers and very low permeability.  
 
1.2.4.3 Functionalized liposomes  
 
Up to now, pH-sensitive liposomes are the main class of functionalized liposomes that 
were designed with the monoalkylated amphiphile/sterol systems. As described above, the 
electrostatic intermolecular interactions are of prime importance in the formation of lo lamellar 
phase with mixtures of monoalkylated amphiphiles and sterols. The stability of these bilayers and 
consequently the stability of the resulting liposomes can be modulated by using a pH responsive 
amphiphile such as fatty acids or fatty amines. Because coulombic interactions can be modulated 
by both the sterol and the monoalkylated amphiphile, a very versatile family of pH-sensitive 
liposomes was created.2, 38, 39, 62 First, the direction of the pH change leading to stimulated release 
can be controlled. For example, the release from PA/Chol LUVs can be triggered by a pH 
decrease (protonation of PA),62 whereas the release is induced by a pH increase in the case of 
PA/Schol LUVs (when PA is deprotonated).61 Cationic and pH-sensitive liposomes could be 
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designed from a mixture of stearylamine and cholesterol.39 The fluid lamellar phase is stable only 
stearylamine is charged, i.e., at pH lower than its pKa, whereas stearylamine and cholesterol exist 
under a solid form when stearylamine is neutral. Second, because the release is induced by the 
change in the protonation state of the fatty acid, it was shown possible to fine-tune the pH 
triggering the content release by including monoalkylated amphiphiles with different pKa. For 
example, the pKa of PA can be modulated by the insertion of an electron-withdrawing group at 
the  of the carboxylic function group; the pKa of PA, -hydroxypalmitic acid, and -
fluoropalmitic acid under the monomeric form is 4.8, 3.8, and 2.6, respectively.38 As a 
consequence, the extent of release from liposomes at low pH can be modulated by these different 
fatty acids. At pH 4.5, after 24 h, PA/Chol LUVs are completely empty, more than 20% release is 
observed for OH-PA/Chol LUVs at pH 4.5, and practically no release is observed for F-
PA/Chol LUVs. Similarly cholesteryl hemisuccinate, a molecule carrying a carboxylic function, 
can be introduced in Tween 20/Chol niosomes to provide pH-sensitivity.56 The protonation of 
polar head groups of cholesteryl hemisuccinate at lower pH leads to the destabilization of the 
LUVs and the release of their content.  
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1.2.5 Biological implications and applications of non phospholipid liposomes  
 
The investigations of the fluid lamellar phase obtained from monoalkylated amphiphiles 
and sterols led to the development of novel nanovectors that exhibit distinct properties as well as 
a better understanding of the physicochemical rules of their self-assembly. One can ponder 
whether such lamellar structures made of simple and abundant biomolecules could be found in 
biological systems. At this point, there is no clear indication that nature is using these systems. 
However, some potential biological implications of these systems have been suggested. 
 
Skin is the major organ protecting the body from dehydration, chemicals, and mechanical 
stress. The stratum corneum, the outmost layer of the skin, is a key element of the skin barrier. It 
is formed of coenocytes, keratin-filled cells,  glued together with  lipids. The lipid phase contains 
actually very little phospholipid, and is mainly composed of ceramides, cholesterol, and free fatty 
acids.108, 109 This unusual lipid composition for a biological membrane is associated with an 
unusual structure as the lipid phase includes a large fraction of solid or crystalline lipids.109 It has 
been proposed that the lipidic phase of the stratum corneum is formed of small crystalline 
domains embedded in a fluid lipid matrix.110-112 At this point, the lipids that would participate in 
this fluid matrix have not been identified. In light of their considerable concentration in the 
stratum corneum, it has been suggested that this fluid lipid phase is mainly formed by fatty acids 
and cholesterol.37 A study on the phase behavior of model stratum corneum mixture made of 
nonhydroxyl palmitoyl ceramide, palmitic acid, and cholesterol, revealed that when the mixture 
was challenged with heat, fluid domains enriched in cholesterol and palmitic acid were formed,113 
suggesting a preferential interaction between these two species.  
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It was shown that a lo lamellar phase was formed by mixtures of lysoPC and 
cholesterol.35 These are two components of the red blood cell membranes. The putative formation 
of domains of cholesterol and lysoPC could ensure the presence of an appropriate amount of 
lysoPC in these cellular membranes. This monoalkylated amphiphile is prone to leave 
membranes. An excessive proportion of lysoPC is however detrimental to the bilayer structure. 
Therefore the formation of lo phase domains could therefore be involved in the control of the 
lysoPC content in membranes. The LysoPC content is critical in the control of the hemolysis 
caused by certain agents (e.g., alcohols) and in the activity of cholesterol oxidase.114 Therefore its 
content in the bilayer should be regulated and the formation of domains with cholesterol is a 
phenomenon that should be investiagted. 
 
N-acylethanolamines naturally exist in the membranes of plants and animals, and they are 
involved in vital biological processes, such as responses to injury, to dehydration, and to 
myocardial infarction. N-acylethanolamines are produced in membranes from the enzymatic 
degradation of N-acylphosphatidylethanolamines, when the organism suffers stress.115, 116 They 
have anti-inflammatory effect, relieve pain sensation, they are endogenous ligands for 
cannabinoid receptors, and they were proposed to have pro-apoptotic activity.117-120 N-
arachidonylethanolamine reduces the fertilizing capacity of the sperm.121 At this point, there is no 
indication of specific interaction with sterols. But considering that they are found in membranes 
where cholesterol is also present, and it is shown that they can together form stable self-
assemblies, their putative interactions should be carefully examined. 
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From the application point of view, non phospholipid liposomes obtained from 
monoalkylated amphiphiles and sterols are promising alternatives to other formulation including 
conventional liposomes because they are stable, they can be made at low cost, and they are easy 
to handle, transport, and store. Such formulations are already used in cosmetics by L’Oréal. Their 
niosomes showed reduced toxicity compared to emulsions, and improved the delivery of active 
ingredients for promoting skin hydration.59 Niosomes formed from Tween 60/Chol/SA mixtures 
were tested in vitro as vector for indomethacin, a non-sterol anti-inflammatory drug known to 
inhibit platelet aggregation. It was shown that liposomal indomethacin was more than two times 
efficient to inhibit platelet aggregation than the free drug.64 Non phospholipid liposomes have 
been also examined as adjuvant of vaccine delivery.122 Tetanus toxoid encapsulated in 
Novasomes® exhibited higher levels of anti-tetanus toxoid IgG2a and IgG2b than when adsorbed 
to aluminum phosphate. It was concluded that non phospholipid liposomes may be alternative to 
aluminum adjuvants for human vaccines. In the food industry, ascorbic acid (vitamin C) is added 
to foods because of its reducing and antioxidant properties. It retards enzymatic browning, 
protects certain compounds from oxidation, inhibits nitrosamine formation, etc. However, free 
ascorbic acid is generally not stable in these milieus. It was reported that encapsulation of vitamin 
C in liposomes with acidic internal pH can improve considerably its stability in real food 
matrices.123 A recent study showed that the encapsulation of ascorbic acid in PA/Chol/Schol 
liposomes can protect vitamin C from an oxidizing milieu (in the presence of Iron(III)), and its 









Since liposomes were first developed around 1980s, the development and use of this type 
of nanocarriers have made considerable progress. Given their distinct properties, liposomes made 
of monoalkylated amphiphiles and sterols display a great potential in several application fields. 
There is now a relatively good understanding of the physicochemical rules of the self-assembly 
of these molecular species, allowing scientists to design functional non phospholipid liposomes. 
These non phospholipid liposomes are made of molecules which are fairly easy to obtain, handle, 
transport, and store. It is expected that these studies will open the door to applications in various 
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1.3 Characterization methods in this thesis 
 
 Many characterization methods have been used in the present thesis. Most of their 
applications are relatively straightforward. I decided to restrict the technical section, and to 
present specific aspects of the data interpretation inferred from IR and NMR spectroscopy.  
 
1.3.1. IR spectroscopy 
 
Infrared spectroscopy (IR) provides information relative to the vibrational energies of 
chemical bonds. The vibrational modes include stretching, deformation, rocking, wagging, 
twisting, etc. The time scale of these molecular vibrations is typically ~1013 s–1. IR spectroscopy 
is a common, powerful, and convenient tool to study lipids and membranes. First, several 
functional groups of phospholipid molecules can be distinguished and studied structurally in a 
single experiment. For example, information relative to saturated or unsaturated chains can be 
obtained from the C–H stretching bands whereas the interface can be investigated from the C=O 
and PO4 vibrations associated with the polar heads. Second, it is versatile from a sample point of 
view. Samples in different physical states (solids, solutions, dispersions, etc) can be examined. 
Finally, it requires a limited amount of sample.124  
 
The C–H stretching vibrations are found in the spectral region between 3100 and 2800 
cm–1. Normally, the CH2 asymmetric and symmetric stretching modes, at ~2920 and ~2850 cm–1 
respectively, are the most intense bands in lipid spectra.124-126 Their exact frequencies are 
sensitive to the trans–gauche isomerization of the alkyl chain, and therefore, their position is 
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useful for the identification of lipid phases with different conformational order. Because the 
asymmetric band is usually partially overlapped with other vibrational modes, such as CH3 
asymmetric stretching band at ~2956 cm–1 and the intense O–H stretching band of water centered 
at ~3400 cm–1, the band at 2850 cm–1 corresponding to the C–H symmetric stretching mode, is 
more commonly used for the phase characterization.124, 125 It is also possible to determine the Tm 
of a membrane. The position of the CH2 stretching modes shifts to higher frequencies from the 
gel to fluid phase as the hydrocarbon chains become more disordered.124 Typically, in the solid 
phase the frequency is below 2850 cm–1, as the hydrocarbon chains are tightly packed and in an 
all-trans form. When several gauche isomers exist, the frequency shifts to above 2853 cm–1, such 
as in the liquid-disordered phase.125-127 The frequency of this mode is found at ~2851 cm–1 for lo 
phases.61, 126 Cholesterol induces less ordered chains than those in the gel phase, and more 
ordered chains compared to the liquid-disordered phase, resulting in those intermediate values. 
For highly ordered monoalkylated amphiphiles, such as for PA and CPC in solid phases,43, 61, 128 
the C–H symmetric stretching mode is usually below 2849 cm–1. The frequency shifts to above 
2853 cm–1 when PA and CPC exist as micelles.43, 61, 128  
 
When the protons are substituted by deuteriums, the methyl and methylene stretching 
modes are shifted to lower frequencies due to the vibrational isotope effect. The C–D stretching 
frequencies are approximately in the range of 2300–2000 cm–1, a spectral region generally free of 
interference. The asymmetric and symmetric of C–D stretching modes are found at ~2194 and 
~2090 cm–1, respectively.124, 125 These bands are also sensitive to the conformations of the alkyl 
chains. For mixtures of monoalkylated amphiphiles and cholesterol, in the lo phase, the 
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frequency of the C–D symmetric stretching is ~2091 cm–1. In the solid and fluid phases, the 
frequencies are below 2089 cm–1 and above 2094 cm–1, respectively.36, 95 
 
The correlation field splitting of the methylene deformation bands is useful for the 
characterization of the hydrocarbon chain packing.129, 130 The methylene deformation band is 
observed at 1468 cm–1 for CH2 and at 1088 cm–1 for CD2. For chains packed in an orthorhombic 
symmetry (Figure 1.3), these modes split into two components due to the vibrational coupling 
between neighborhood chains. Typically, two components located at 1472 and 1464 cm–1 are 
observed for the CH2 groups, while they appear at 1091 and 1086 cm–1 for CD2 groups. The 
interchain coupling occurs only when the oscillators have similar frequencies.129, 131 Therefore, 
vibrational coupling of the methylene modes can only exist between isotopically alike chains.129 
The splitting is maximal when the coupling involves 100 molecules or more, and it decreases 
progressively for smaller domains. When the maximum splitting is observed for a mixture of 
hydrogenated (or deuterated) species, it can be concluded that a phase separation leads to 
domains with orthorhombic chain packing that include at least 100 molecules. When a single 
component is observed for the methylene deformation, there is less information because it could 
be due to a different chain packing symmetry, to the formation of a fluid phase, or to a mixing of 
the hydrogenated and deuterated chains. The lo phase displays a single component but indeed, a 
single component is not specific to the lo phase.  
 




Figure  1.3. Schematic representation of the acyl chain packing and of the in-phase and out-phase 
modes giving rise to the splitting in the case of orthorhombic packing. The bands corresponding 




Solid-state deuterium NMR was used to characterize the phase behavior of mixtures with 
monoalkylated amphiphiles and sterols. Proton pulsed-field-gradient NMR was used in chapter 5 
for the diffusion measurements of PEG molecules in the PA/Chol/PEG-Chol LUVs. 
 
1.3.2.1 2H NMR 
 
Nuclear magnetic resonance spectroscopy of deuterium (2H NMR) is a powerful tool to 
study membrane systems as it provides characteristic signals for various phases, from solid to 
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isotropic liquid. Nuclear resonance in solids is sensitive to different interactions: the chemical 
shift anisotropies, dipolar interactions and quadrupolar interactions. The spin (I) of deuterium is 
1, thus quadrupolar interactions are involved. They are associated with electrostatic interactions 
between the quadrupolar moment of the nucleus and the surrounding gradient of electric field. 
For I = 1, there are three Zeeman energy levels corresponding to three orientations of the 
magnetic moment relative to the magnetic field (characterized by the quantum numbers mI = +1, 
0, and –1). According to the selection rule, two single-quantum nuclear spin transitions between 
adjacent spin energy levels are allowed (Figure 1.4). Taking only into account Zeeman 
interactions, these two transitions would involve the same energy, and would give rise to a single 
absorption band. In 2H NMR, the quadrupolar coupling modifies slightly the level energy, and as 
a consequence, the transitions mI = +1  0 and mI = 0  –1 do not involved the same energy, 
and therefore, a doublet is observed.  
 
 
Figure 1.4. Different energy levels and resonance lines in solid state 2H NMR spectroscopy. 
 
These strong quadrupolar interactions determine the shape of the spectra, and lead to a 
signal that can be spread over more than 100 kHz. Therefore, the associated time scale of the 
experiment is approximately 10–5 s.126 Motions slower than this time scale are in the slow regime, 
Chapter 1 Introduction 
37 
 
and do not affect the magnitude of the quadrupolar interactions. Motions faster than the time 
scale are in the fast regime, and lead to the averaging of the quadrupolar interactions. In a C–D 
bond, the electric field gradient is along the bond because of the electronegativity difference 
between the two nuclei. It is also axially symmetric. Therefore, the magnitude of the quadrupolar 
splitting is sensitive to the orientation of C–D bonds relative to the magnetic field. The 
quadrupolar splitting, , is associated with the average orientation of the C–D bond relative to 
the magnetic field.  can be expressed as the following equation: 
Δߥ ൌ ଷଶ ܣொ ۃ
ଷୡ୭ୱమ ஍ିଵ
ଶ ۄ                                              (1.1) 
where AQ is the static quadrupolar constant (170 kHz for aliphatic, 175 kHz for olefinic85 and 193 
kHz for aromatic C–D bonds132) and  is the angle between the magnetic field and the C–D bond 
at the origin of the electric field gradient. When the molecules are in a solid phase, they are 
virtually immobile. As a consequence, the fixed orientation of the C–D bond relative to the 
magnetic field defines . When  equals 0°, Δν has the maximum value, i.e. ଷଶ ܣொ. For a C–D 
bond oriented at the magic angle, i.e. 54.7°, Δν becomes zero and a singlet is observed. When  
= 90°, Δν is െଷସܣொ. (Figure 1.5) 
 
In a powder, the probability of a C–D bond oriented parallel to the magnetic field is 
relatively low. Therefore, the intensity of the corresponding doublet is low. The probability of the 
C–D bonds perpendicular to the magnetic field rises to the maximum, and hence the intensity of 
the resulting doublet is maximal. The random distribution in a powder gives rise to different 
orientations and to different doublets superimposed together to give a broad powder pattern. 
(Figure 1.5 and 1.7)  





Figure  1.5. Influence of the orientation of the C–D bond relative to the magnetic field on the 
quadrupolar interactions and the resulting powder pattern.  
 
In a fluid bilayer, molecules are mobile. On the NMR time scale, three main axially 
symmetric motions are involved: (1) the rotation along the long axis of the molecule; (2) the 
fluctuations of the whole molecule with respect to the bilayer normal; and (3) trans–gauche 
isomerization within the alkyl chain. Considering these three different motions, the quadrupolar 
splitting can be expressed as follows: 










ଶ ቁ ܵ௠௢௟ܵ஼ି஽       (1.2) 
Where  is the angle between the bilayer normal (n) and the magnetic field (B),  is the angle 
between the bilayer normal and the long axis of the molecule (a),  is the angle between the C–D 
bond and the long axis of the molecule (Figure 1.6). The terms associated to motions (2) and (3) 
are represented by Smol (molecular order parameter) and SC–D (orientational order parameter), 
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respectively. In the lo phase, the hydrocarbon region of the bilayer is not isotropic. The segment 
of the chains near the interface is more ordered compared to the segment towards the middle of 
the bilayer. Therefore, there is a decrease of order parameters along the chain, from the head 
group to its end; this is referred to as the order profile. Typically, several overlapping powder 
patterns, associated with the order gradients along the deuterated chains, are observed in the 
spectrum (Figure 1.7). Near the interface, the order does not vary considerably and this segment 
of the profile is referred to as the plateau region. Generally, decreasing the temperature and the 
incorporation of cholesterol in phospholipid bilayers, increase the order of the chains. The 




Figure  1.6. Definition of the angles (), n is the bilayer normal, a is the long (rotation) axis 
of the molecule and B represents the magnetic field. 
 
In the case of a solution or a micellar suspension, fast motions lead to a rapid and 
isotropic reorientation of the C–D bonds. As a result, the quadrupolar interactions are completely 
averaged out. Only a sharp peak is observed in the spectrum (Figure 1.7). 




Figure 1.7. Illustration of the shapes of 2H NMR spectra associated with the corresponding phases. 
 
Therefore the quadrupolar splittings of a deuterated alkyl chain reflect both the structure 
and the dynamics of the labeled groups. Because of the advantages of this unique technology, 
solid state 2H NMR is widely used for the structural and dynamical characterization of model, 
and biological membranes.86, 132-135 
 
In the present thesis, PA-d31 and deuterated Chol-d5 at position 2,2,4,4,6 were used. The 
smoothed order of PA-d31 can be derived from 2H NMR spectra. Briefly, the “de-Paked” spectra 
are obtained using a mathematical algorithm presented elsewhere.82, 136 This iterative method 
extracts the NMR spectrum typical of an oriented system from the powder spectrum; this 
transformation facilitates the identification of the various doublets. Assuming a monotonic 
decrease of the order along the alkyl chains, each deuterium molecule is assigned to a 
quadrupolar splitting. In chapter 2, the smoothed order profiles of PA-d31 were obtained for 
bilayers with different sterols.  
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For the 2H NMR experiments with deuterated cholesterol, the C–D bond was attached on 
the steroid rigid ring of cholesterol. Consequently, the angle Figure 1.5 is constant, and SC–D 
is essentially associated with this fixed orientation of the C–D bond relative to the long axis of 
the molecule. If is known, it is possible to determine Smol from the experimental values of Δν, 
measured at  = 90° (the most intense doublet) – see Equation 1.2. A calculated Smol close to 1 
indicates that the cholesterol axis of rotation is parallel to the bilayer normal, and there is very 
little wobbling of cholesterol in the bilayer (i.e.,  is close to 0°). In chapter 3 and 4, this model 
was applied to extract Smol for cholesterol inserted in various bilayers, and therefore, to gain 
information relative to its orientation in the bilayer.  
 
The spin-lattice relaxation time T1 is a very important parameter in NMR spectroscopy. 
The relaxation process associated with T1 involves an energy transfer from the spins to the 
surroundings. The spin-lattice relaxation originates from the local magnetic fields fluctuating at a 
frequency close to the resonance frequency of the transition. Generally, the tumbling motion of 
molecules determines the local field fluctuations. If the molecular tumbling matches the transition 
frequency, T1 is short. However, if the molecular tumbling leads to magnetic field fluctuations too 
slow or too fast relative to the resonance frequency, the energy transfer is inefficient, and 
consequently, T1 is long. In solid phases, the tumbling motion of molecules is practically absent, 
and therefore, T1 is long relative to the fluid phases. Thus, by controlling the intersequence delay, 
the contribution of a solid phase in spectra can be modulated. When a long intersequence delay is 
used (5 times T1 of the slow relaxation solid component), enough time is provided for the spin-
lattice relaxation of the molecules in all the present phases (solid, lo, and/or isotropic phases, if 
there is any), and therefore, all the molecules contribute in the spectrum. When the intersequence 
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delay is short relative to T1 of the slow relaxation solid component, only the fast relaxing 
molecules in the fluid phase (molecules with short T1) relax and contribute to the spectrum. 
Taking the advantage of different T1 of cholesterol in solid and lo phases, the solidification of 
cholesterol was quantified in OMSO/Chol mixtures by controlling the intersequence delays 
(Chapter 3).  
 
1.3.2.2 Diffusion NMR 
 
The proton pulsed-field-gradient NMR spectroscopy is a widely used, convenient, and 
noninvasive technique using 1H signal to assess self-diffusion of molecules in solution and 
suspension.137, 138 A magnetic field gradient is employed to generate a linear dependence between 
the position of the nuclei along a given axis and their precession frequency.  
 
The stimulated echo sequence developed by Tanner139 in 1970 was used in this thesis to 
evaluate the self-diffusion in suspensions. This sequence is composed of three 90° pulses along x 
axis and two gradient pulses along z axis (Figure 1.8). The first step is to apply a 90° pulse to 
place the magnetization in the xy plane. Thereafter, a short pulse of magnetic field gradient is 
applied to encode spin positions along the direction of the applied magnetic field gradient. 
Applying a magnetic field gradient along the axis parallel to the main field, the correlation of the 
precession frequency of a spin and its position along the axis can be expressed as follows: 
 
߱ ൌ ߛሺܤ଴ ൅ ܩ௭ݖሻ                                                      (1.3) 
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where  is the Larmor frequency (radians/s),  is the gyromagnetic ratio (rad T-1 s-1), B0 (T) is the 
strength of the static magnetic field, Gz is the magnetic field gradient (typically the unit for 
gradient is Gauss/cm, 1 T = 10 000 Gauss), and z is the position along the axis.  
 
The application of the second 90° pulse flips the magnetization along the axis -z. The spin 
magnetization is stored along the -z direction during the delay period, ranging from a few 
milliseconds to a few seconds. The third 90° pulse brings the spin magnetization back to the xy 
plane. The second and third 90° pulse has an equivalent effect on reversing the direction of 
precession as a 180° pulse. This strategy prevents an undesired contribution of spin-spin 
relaxation. The second gradient pulse, identical to the first, is applied to decode the spins, 
counteracting the phase shift induced by the first gradient pulse. The influence of the two 
gradient pulses is not identical for the molecules that have moved during the interval Δ. The 
molecular diffusion results in an incomplete refocusing of the magnetization, and therefore, a 
reduced intensity of the NMR signal. The diffusion coefficients can be obtained by fitting the 
variation of the echo intensity as a function of the gradient strength (G) using the following 
equation: 
     3//ln 20   DGSS                                         (1.4) 
where S and S0 are the integrated echo intensities with and without a field gradient,  is the 
gyromagnetic ratio of the investigated nucleus,  is the trapezoidal gradient pulse and  is the 
interpulse delay. 
 




Figure 1.8. Schematic representation of stimulated echo sequence. 
 
The echo attenuation is related to the mean displacement of the molecules along the axis 
of the applied gradient. This technique measures diffusion over the millisecond to second time 
scale. The diffusion coefficient measured using this method is an average mobility of the spin 
system over the whole sample. The stimulated echo pulse sequence is preferable for systems with 
longitudinal relaxation time longer than transverse relaxation time (T1 > T2). T1 of 
macromolecules is typically longer than T2,140 and consequently, this suitable sequence was used 
to measure the diffusion coefficient of PEG in the present thesis.  
 
1.4 Description of the thesis sections 
 
In the present thesis, the physicochemical behavior of self-assemblies of monoalkylated 
amphiphiles and sterols and various properties of the liposomes resulting from these mixtures 
were studied. 
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In chapter 2, the goal was to investigate whether the formation of lo phases with 
monoalkylated amphiphiles was a peculiar feature of cholesterol, or if other sterols would exhibit 
the same behavior. By changing the molecular details of the sterols, we could provide a better 
understanding of the sterol features leading to Sterosomes formation. Different sterols 
(cholesterol, dihydrocholesterol, 7-dehydrocholesterol, stigmastanol, stigmasterol and ergosterol) 
were selected for the studies of the phase behavior of binary mixtures with palmitic acid. The 
passive release of the resulting liposomes as a function of time and the pH-triggered leakage were 
also characterized. 
 
In chapter 3, the possibility to form completely neutral liposomes from a monoalkylated 
amphiphile mixed with cholesterol was examined. OMSO was chosen as the amphiphile, because 
the sulfoxide group is capable to form strong hydrogen bonds. First, the phase behavior of 
OMSO/Chol mixtures with various compositions was characterized by DSC, IR, and 2H NMR. 
This effort led to establishing the phase diagram of the mixture. Second, the formation of 
liposomes was carried out through extrusion and the permeability was evaluated. 
 
In chapter 4, we report the design of dual functionalized (pH-sensitive and cationic) 
Sterosomes based on all the prerequisites identified for the lo phase formation. Stearylamine was 
selected because the amine group could provide a positive charge at low pH, and its 
deprotonation might cause the destabilization of the self-assembly. The conditions leading to lo 
phase formation with binary mixtures of stearylamine and cholesterol were identified, and 
vesicles were formed by extrusion. The pH-sensitivity of resulting liposomes was studied by 
measuring the release of encapsulated glucose. 
Chapter 1 Introduction 
46 
 
  In chapter 5, we wanted to develop a new formulation of Sterosomes with a long 
circulation life time in the blood stream, a feature that is critical for their use as drug nanocarriers 
for intravenous therapies. The strategy is to insert PEGylated cholesterol in the PA/Chol bilayers. 
First, the possibility and the amount of incorporation of PEG-Chol were studied. Second, the 
stability and the permeability of the resulting liposomes were assessed. Finally, the possibility of 
active-loading a real anti-cancer drug, doxorubicin, in this unique formulation was examined. 
 
In chapter 6, perspectives and suggestions for future work are discussed. 
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The phase behavior of mixtures formed with palmitic acid (PA) and one of the following 
sterols (dihydrocholesterol, ergosterol, 7-dehydrocholesterol, stigmasterol and stigmastanol), in a 
PA/sterol molar ratio of 3/7, has been characterized by IR and 2H NMR spectroscopy at different 
pH. Our study shows that it is possible to form liquid-ordered (lo) lamellar phases with these 
binary non-phospholipid mixtures. The characterization of alkyl chain dynamics of PA in these 
systems revealed the large ordering effect of the sterols. It was possible to extrude these systems, 
using standard extrusion techniques, to form large unilamellar vesicles (LUVs), except in the case 
of ergosterol-containing mixture. The resulting LUVs displayed a very limited passive 
permeability consistent with the high sterol concentration. In addition, the stability of these 
PA/sterol self-assembled bilayers was also found to be pH-sensitive, therefore, potentially useful 
as nanovectors. By examining different sterols, we could establish some correlations between the 
structure of these bilayers and their permeability properties. The structure of the side chain at C17 
of the sterol appears to play a prime role in the mixing properties with fatty acid. 
 





Cholesterol (Chol) and saturated linear fatty acid can form fluid lamellar phases with 
cholesterol content between 65, and 70 mol %.1-4 The fatty acid in the resulting phase displays a 
very high chain order, likely because of the high cholesterol content, while both cholesterol and 
fatty acid display a fast rotational mobility, on the 2H NMR time scale (~10-5 s). Therefore a 
liquid-ordered (lo) phase, analogous to those formed by phospholipid/sterol systems (e.g., 5-7) 
was proposed. A very low thermal expansion coefficient has been predicted for these bilayers, a 
property that could be associated to the small size of the hydrophilic part of the molecular 
constituents.4 The cholesterol content in these fluid bilayers is considerably higher than the 
reported cholesterol solubility in phospholipid bilayers.8 Despite the high cholesterol content, the 
fatty acid/cholesterol systems can be extruded, using standard methods, to form large unilamellar 
vesicles (LUVs).4 These LUVs showed a permeability that is much more limited than that found 
for phospholipid/Chol systems. Because the state of protonation of the fatty acid affects the 
stability of these bilayers, palmitic acid (PA)/Chol LUVs are pH-sensitive and this property can 
be exploited to induce pH-triggered release of the content, a characteristic that can be useful for 
controlled release of drugs. 
 
It has been shown that it was also possible to prepare these high sterol-content non-
phospholipidic liposomes with cholesterol sulphate.9 At this point, the understanding of the 
molecular prerequisites leading to the formation of these fluid bilayers, prepared from a high 
proportion of cholesterol and a monoacylated amphiphiles, is limited. It has been found that 
hydrophobic matching between the length of the acyl chain fatty acid and that of the long axis of 
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cholesterol is required to form stable bilayers.3 It is postulated that this matching maximizes the 
interactions between the two molecular species, preventing a phase separation that would lead to 
the destabilization of the fluid bilayers. At the interfacial level, the electrostatic interactions 
appear to be a critical parameter for the stability of the fluid bilayers. In the presence of 
cholesterol, it was shown that the fluid lamellar phases were more stable when large fraction of 
the carboxylic groups were unprotonated.1, 2 The substitution of cholesterol by cholesterol 
sulphate changed drastically this behavior.9 In the presence of cholesterol sulphate, fluid bilayers 
were stable at low pH, when PA was protonated, and became unstable at high pH, upon 
deprotonation of PA.  
 
In the present paper, we examine whether the formation of fluid bilayers with palmitic 
acid is a general behavior shared by several sterol molecules or if it is a peculiar property of 
cholesterol, and cholesterol sulphate. It has been shown that several sterols share a common 
impact on the properties of phospholipid bilayers.10-20 For example, several sterols were shown to 
rigidify the phospholipid acyl chains, even though the extent of the rigidification depends on the 
molecular details of the sterol structure. Similarly the induction of the liquid-ordered phase 
appears to be a feature shared by several sterols. On the basis of these similarities observed for 
phospholipid bilayers, a "universal behavior" of sterol has been recently proposed.13 We have 
examined the phase behavior of mixtures of palmitic acid with 5 different sterols: 
dihydrocholesterol, ergosterol, 7-dehydrocholesterol, stigmasterol and stigmastanol; their 
structures are presented in Figure 2.1. All these investigated sterols are neutral, have a hydroxyl 
group at the position 3, and methyl groups are present at positions C10, and C13. Their 
dimensions are comparable and they are classified as membrane-active sterol.21 Cholesterol, 
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dihydrocholesterol and 7-dehydrocholesterol bear the same alkyl side chain at C17 whereas 
ergosterol and stigmasterol include a trans double bond at C22–C23 and a methyl or ethyl group 
at C24. Differences are also observed at the steroid skeleton level. Cholesterol and stigmasterol 
have a double bond between C5 and C6. The ring network is completely saturated for 
dihydrocholesterol and stigmastanol whereas 2 conjugated C=C bonds are present at C5–C6 and 
C7–C8 in 7-dehydrocholesterol and ergosterol. Ergosterol is the main sterol in fungal membranes 
whereas stigmasterol is a predominant plant sterol. 7-dehydrocholesterol is a cholesterol 
precursor. The phase behavior of these mixtures was characterized by IR and 2H NMR 
spectroscopy. The comparison of the behavior of these different mixtures provides additional 
insights into the rules dictating the formation of self-assembled fluid bilayers with high sterol 
content. In addition we have examined the possibility to form LUVs with the mixtures forming 
fluid lamellar phases and we have characterized their permeability in order to establish a 
relationship between the structure of these bilayers and their permeability properties. The 
characterization of the influence of the molecular details of the sterol molecules on the properties 
of these non-phospholipid bilayers also brings, by extension, insights into their influence on 
phospholipid bilayers and biological membranes.  
 







2.3 Materials and methods 
 
Cholesterol (>99%), dihydrocholesterol (95%), ergosterol (75%), 7-dehydrocholesterol 
(>85%), stigmasterol (95%), stigmastanol (95%) PA (99%), tris(hydroxymethyl)aminomethane 
(TRIS) (99%), 2-[N-morpholino]ethanesulfonic acid (MES) (>99%), ethylenediaminetetraacetic 
acid (EDTA) (99%), NaCl (>99%), Triton X-100 (99%), deuterium-depleted water (>99.99%) 
were supplied by Sigma Chemical Co. (St. Louis, MO, USA). Deuterated palmitic acid (PA-d31) 
(98.9%) was supplied from CDN Isotopes (Pointe-Claire, QC, Canada). Calcein (high purity) has 
been obtained from Molecular Probes (Eugene, OR, USA). Sephadex G-50 Medium was 
purchased from Pharmacia (Uppsala, Sweden). Methanol (spectrograde) and benzene (high 
purity) were obtained from American Chemicals Ltd. (Montreal, QC, Canada), and BDH Inc. 
(Toronto, ON, Canada), respectively. All solvents and products were used without further 
purification.  
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Mixtures of PA and sterol were prepared by dissolving weighed amounts of the solids in a 
mixture of benzene/methanol 95/5 (v/v). The solutions were then frozen in liquid nitrogen and 
lyophilized for at least 16 hours to allow complete sublimation of the organic solvent. For the 2H 
NMR and IR experiments, PA was replaced by PA-d31. In this study, all the mixtures had a 
PA/sterol molar ratio of 3/7 because its ratio was shown to lead to fluid lamellar phases with 
cholesterol and cholesterol sulphate.2, 9 The freeze-dried lipid mixtures were hydrated with an 
MES/TRIS buffer (TRIS 50 mM, MES 50 mM, NaCl 10 mM, EDTA 5 mM) providing a 
buffered range between pH 5 and 9. The buffer was prepared with deuterium-depleted water for 
IR spectroscopy and 2H NMR samples. The final lipid concentration was 30 mg/mL for IR 
spectroscopy and 2H NMR experiments. The suspensions were subjected to five cycles of 
freezing-and-thawing (from liquid nitrogen temperature to 75 °C) and vortexed between 
successive cycles, to ensure a good hydration of the samples. After hydration, the pH was 
measured and readjusted, if necessary, by the addition of HCl or NaOH diluted solution.  
 
The IR spectra were recorded on a Thermo Nicolet 4700 spectrometer, equipped with a 
KBr beam splitter and a DTGS-L-alanine detector. Briefly, an aliquot of the sample was placed 
between two CaF2 windows separated by a 5 m-thick Teflon ring. This assembly was inserted in 
a brass sample holder, whose temperature was controlled using Peltier thermopumps. Each 
spectrum was the result of 60 scans with a nominal 2 cm–1 resolution Fourier transformed using a 
triangular apodization function. The temperature was varied from low to high, with 2 oC steps 
and a 5 min-incubation period prior to the data acquisition. The reported band positions 
correspond to the centers of gravity calculated from the top 5% of the band.  
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The 2H NMR spectra were recorded on a Bruker AV-400 spectrometer, using a Bruker 
static probe equipped with a 10 mm coil. A quadrupolar echo sequence was used with a 90o pulse 
of 6.1 s and an interpulse delay of 26 s. About 1 mL of the sample was transferred into a 
home-made Teflon holder after hydration. The recycling time was 60 s. In absence of a slow-
relaxation component, namely a solid phase, the recycling delay was reduced to 0.3 s. Typically 
4000 FID were co-added. The temperature was regulated using a Bruker VT-3000 controller. The 
characteristic fluid-phase spectra were dePaked using an iterative method.22 However the 
recorded spectra of PA/ergosterol and PA/stigmasterol mixtures, at pH 8.4, were typical of 
partially oriented samples and the dePaked spectra exhibit unphysical negative amplitudes. In 
these cases, the regularization dePakeing algorithm was used.23 The smoothed order profiles were 
extracted from the dePaked spectra using an established procedure.24 This approach assumes a 
monotonic decrease of orientation order along the alkyl chain, from the head group toward its end. 
The quadrupolar splitting of the terminal CD3 was, however, measured directly on the dePaked 
spectra as it was always well resolved. The orientational order parameters, SC–D, were calculated 
from these splittings. The proportions of the different phases could be estimated from the 2H 
NMR spectra. The solid phase proportions were obtained from the area integrations prior to and 
after the subtraction of the solid spectral component. When present, the isotropic phase 
proportion was similarly estimated from the area integrations prior to and after the elimination of 
the narrow central peak. The remaining area was associated with the lo phase.  
 
The permeability of the LUVs was measured using a standard procedure based on the 
self-quenching property of calcein at high concentration.25, 26 LUVs loaded with calcein (80 mM) 
were prepared from PA/sterol mixtures in the previously described MES/TRIS buffer, pH 7.4 to 
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obtain a final lipid concentration of 20 mM. The LUVs were prepared by extrusion using a 
handheld Liposofast extruder (Avestin, Ottawa, Canada). The dispersions were passed 15 times 
through two stacked polycarbonate filters (100 nm-pore size) at ~75 °C. Calcein-containing 
LUVs were separated at room temperature from free calcein by gel permeation chromatography, 
using Sephadex G-50 Medium (column diameter: 1.5 cm, length: 25 cm, equilibrated with an iso-
osmotic MES/TRIS buffer (MES 50 mM, TRIS 50 mM, NaCl 130 mM, EDTA 5 mM, pH 7.4). 
The collected vesicle fraction was diluted 100 times and these stock LUVs suspensions were 
incubated at a given temperature. Fluorescence intensities were recorded on a SPEX Fluorolog 
spectrofluorometer and the excitation and emission wavelengths were 490 and 513 nm and the 
bandpath widths were set to 1.5 and 0.5 nm respectively. To determine the proportion of 
entrapped calcein, its fluorescence was measured before and after the addition of 10 L of Triton 
X-100 solution (10% (v/v) in the MES/TRIS buffer). The fluorescence intensity, measured after 
addition of the detergent, corresponded to the complete calcein release, and was used to 
normalize the leakage. 
 
To study the passive leakage, the calcein fluorescence intensity was measured from an 
aliquot of the stock LUVs suspension, freshly isolated by gel permeation chromatography, prior 
to (Ii) and after (Ii+T) the addition of Triton X-100. These intensity values corresponded to t = 0 
for the kinetic studies, and it was assumed that the calcein was completely encapsulated. After a 
given incubation time, the calcein fluorescence intensity was measured on another aliquot of the 
same stock LUVs suspension before (If) and after (If+T) the addition of Triton X-100. The 
percentage of encapsulated calcein remaining at that time in the LUVs was calculated as follows: 
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           % of encapsulated calcein 100.   
I / )I - (I







                    (2.1) 
The % of release corresponded to (100 – % of encapsulated calcein).  
 
The pH-triggered leakage of calcein was also examined. The pH was modified by adding 
aliquots of a diluted NaOH or HCl solution, and the calcein fluorescence intensities were 
measured immediately after the stabilization of pH, typically after ~2 minutes. The percentage of 
released calcein was calculated with the relation presented above, except Ii and Ii+T corresponded 
to the measurements at the initial pH, before and after the addition of Triton X-100 respectively. 
If and If+T were obtained on an aliquot at a modified pH, before and after the addition of Triton X-
100 respectively. The pH effect was examined for either an increase or a decrease in pH. The 
calcein fluorescence intensity was relatively constant over the investigated pH range.25  
 
The hydrodynamic diameters of the LUVs were measured at 25 ºC using a Coulter N4 
Plus quasi-elastic light scattering apparatus coupled with a Malvern autocorrelator. The scattering 




2.4.1. IR spectroscopy experiments 
 
The thermotropism of various PA-d31/sterol mixtures was examined at pH 7.4 and 8.4, 
using the shift of the symmetric C–D stretching mode of the methylene groups (νC–D) in the IR 
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spectra (Figure 2.2). As the samples were also used for 2H NMR spectroscopy, the deuterated 
form of the fatty acid was used; this also presents the advantage of avoiding spectral interferences 
associated with sterols in the C–H stretching region. The νC–D mode is mainly sensitive to trans–
gauche isomerisation along the acyl chains and to interchain coupling,27, 28 providing a sensitive 
probe for transitions involving the introduction of chain conformational disorder. At pH 7.4, the 
spectra of PA-d31/stigmasterol and PA-d31/ergosterol mixtures displayed, at low temperature, a 
νC–D band at ~2088.5 cm-1, a position indicative of deuterated lipids in the solid state.1, 29 At 
~55 °C, an abrupt shift of the νC–D band position was observed, leading to νC–D band at 2094.5 
cm–1, a value typical for disordered chains. This variation is therefore characteristic of a solid-to-
disordered phase transition. In contrast, the νC–D band position remained relatively constant at 
2091.5 cm–1 over the whole investigated temperature range for the PA-d31/dihydrocholesterol and 
PA-d31/7-dehydrocholesterol mixtures. This value is typical of those measured for systems in the 
lo phase. PA-d31/stigmastanol shows an intermediate behavior: there was a small shift of the νC–D 
band between 45 and 50 °C, going from 2089.5 to 2091.5 cm–1. An analogous thermal behavior 
was observed at pH 8.4 except that the amplitude of the transition of the PA-d31/stigmasterol and 
PA-d31/ergosterol mixtures was considerably reduced. The νC–D band was located at about 2092 
cm–1, corresponding to the values observed for the lo phase.  
 









The protonation state of PA-d31 has been examined using IR spectroscopy. This technique 
is highly suitable for addressing this question as the protonated and unprotonated forms lead to 
two well resolved bands.2, 4, 30 The C=O stretching associated to the COOH group is located at 
around 1700 cm–1 whereas the C–O stretching group of the COO– is found at 1550 cm–1, because 
of the weakening of the covalent bond. The changes associated with the pH variations are shown 
for the relevant region of the IR spectrum of PA/dihydrocholesterol mixture (Figure 2.3). At low 
pH, the region is dominated by a band at 1700 cm–1, showing that the fatty acid molecules were 
all protonated. Upon a pH increase, there was a decrease of the intensity of this component and, 
in parallel, the intensity of component associated to unprotonated acid, at 1550 cm–1, increased. 
These changes demonstrated the deprotonation of PA-d31 inserted in these sterol-rich bilayers. 
The apparent pKa could be estimated to 7, a value consistent with the apparent pKa reported for 
PA/Chol mixtures9 as well as for PA incorporated in other fluid lipid matrices.30, 31 Analogous 
changes were observed for the other sterol mixtures investigated in this work (data not shown).  




Figure  2.3.  pH  dependence  of  the  CO  mode  of  the  PA  carboxylic/carboxylate  group  in 
PA/dihydrocholesterol  mixture  (3/7  molar  ratio)  at  room  temperature.  The  spectra  were 
normalized to provide a constant area of the CO bands. 
 
The CD2 deformation mode (CD2), between 1080, and 1100 cm–1, was examined to 
characterize the chain packing of the fatty acid (Figure 2.4). At 30 °C, the (CD2) mode of PA-
d31/stigmasterol and PA-d31/ergosterol mixtures gave rise, for both pH 7.4 and 8.4, to two 
components located at 1091 and 1086 cm–1. This splitting is typical of crystalline fatty acid 
chains packed in an orthorhombic symmetry.32 This splitting resulted from an interchain coupling 
that is only possible when the vibrations of adjacent molecules have similar frequencies. 
Therefore it implies that the sterol was practically excluded from the PA crystalline domains, as 
the splitting corresponded to that observed for pure PA-d31.32-34 Only a single component at 1088 
cm–1 was observed for the mixtures prepared from PA-d31/dihydrocholesterol and PA-d31/7-
dehydrocholesterol mixtures at both pH. Therefore it is inferred that the fatty acid molecules in 
these mixtures do not form solid phase with orthorhombic chain packing. This single band is 
compatible with the formation of a lo lamellar phase as suggested from the νC–D band position. In 
the case of PA-d31/stigmastanol mixture, it seems that there was the coexistence of the doublet at 
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1091 and 1086 cm–1 and the single component at 1088 cm–1, giving rise to a broad signal in this 
region. The proportion of the doublet appears to be decreased at pH 8.4 compared to pH 7.4; this 
is consistent with the conclusion that higher pH favors the fluid phase, the solid phase being more 
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2.4.2. NMR experiments 
 
Figure 2.5 presents the 2H NMR spectra of PA-d31/dihydrocholesterol, and PA-
d31/stigmasterol mixtures, with a molar ratio of 3/7, at various pH and temperatures; these are 
representative of the spectra recorded for the various PA-d31/sterol mixtures. The spectra of PA-
d31/dihydrocholesterol system, pH 7.4 (Figure 2.5 B), are essentially characteristic of a fluid 
lamellar phase component; they correspond to several overlapping and unresolved powder 
patterns with different quadrupolar splittings, associated with the gradient of orientational order 
existing along the acyl chains.1, 5, 35, 36 The quadrupolar splitting of the outermost doublet of the 
spectrum recorded at 25 °C is 54 kHz. This large value is typical of lipids in the lo phase.1, 5, 13 
The spectra of PA-d31/stigmasterol system recorded, at pH 7.4, include 3 components 
characteristic of different phases (Figure 2.5 C). First, a solid phase component corresponds to 
two superimposed powder patterns with quadrupolar splittings measured between their maxima 
of 35 and 120 kHz. This signal is consistent with solid fatty acid for which the acyl chain is in an 
all-trans conformation and immobile (on the NMR time scale).1, 35, 37 The broader pattern is 
associated with the equivalent CD2 groups along the chain while the narrower powder pattern 
corresponds to the terminal CD3. Second, a fluid lamellar phase is observed. Third, a narrow peak 
centered at 0 kHz is associated with isotropic phase. At 25 °C, the spectrum is essentially 
composed of the solid and lo components. Upon heating, there is a significant decrease in the 
proportion of the solid component. At 65 °C, the solid signal has completely disappeared and the 
apparition of the narrow line indicates the formation of a new phase, where fatty acid molecules 
experience isotropic motion. It should be noted that neither liquid-disordered phase nor gel phase 
was observed. 








A decrease of pH favors the formation of the solid component. At 25 °C, the 2H NMR 
spectra of PA-d31/dihydrocholesterol mixture at pH 7.4 are typical of a lo phase. At pH 5.5, 
however, the spectrum includes a solid and a fluid lamellar components (Figure 2.5 A). The 
proportion of solid was estimated to 56%. At 65 °C, only the fluid component is observed and its 
width is found practically independent of the pH. The spectra of PA-d31/stigmasterol mixture 
show the same trend. For example, at 25 °C, the spectrum includes a larger proportion of the 
solid component at pH 7.4 than at pH 8.4. This feature is consistent with previous studies on 
PA/cholesterol systems.2 
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Figure 2.5 D shows the evolution of the 2H NMR spectrum of PA-d31/stigmasterol, pH 8.4, 
as a function of temperature. At low temperatures, the spectra show a coexistence of solid and lo 
phases. There is a melting of the solid phase between 45, and 55 °C, a temperature at which only 
the fluid component is observed. It is interesting to point out that in this case, as well as in the 
case of PA-d31/ergosterol, the spectra are typical of oriented bilayers. The intensity of the 
shoulders, corresponding to lipids with their rotation axis parallel with the magnetic field, is 
considerably reduced compared to the typical powder pattern associated to a random orientation 
distribution. By comparing the quadrupolar splittings of these spectra with those obtained with 
other sterols, the bilayers formed by these systems partially orient with their normal 
perpendicular with the external magnetic field. It was inferred from the spectra analysis assuming 
an ellipsoidal orientation distribution of the lipids that, at 65 °C, the ratio of long/short ellipsoidal 
axis was 2.3 and 2.1 for the PA-d31/stigmasterol and PA-d31/ergosterol mixtures, respectively. 
 
In order to summarize the thermal evolution of the different phases, as calculated from the 
2H NMR spectra, is presented in Figure 2.6. For PA-d31/dihydrocholesterol and PA-d31/7-
dehydrocholesterol mixtures, the spectra indicated that the mixture formed exclusively a lo 
lamellar phase over the investigated temperature range. The mixtures with stigmastanol, 
stigmasterol, and ergosterol included, at 25 °C, the coexistence of a solid and a lo lamellar 
components. An increase in temperature led to the decrease of the proportion of solid PA-d31 and 
eventually to the disappearance of this component; these transitions are consistent with the IR 
spectroscopy results. The mixtures including stigmasterol and ergosterol had the largest fraction 
of solid phase at low temperature. Above 60 °C, no solid component could be observed. For 
these mixtures that included a solid fraction at low temperatures, it was also observed that heating 
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above 60 °C led to the formation of an isotropic phase (expressed on the figure as a decrease of 
the % of lo phase). The proportion of the isotropic phase increased upon heating to reach between 









PA‐d31/dihydrocholesterol  (),  PA‐d31/7‐dehydrocholesterol  (),  PA‐d31/stigmastanol  (),  PA‐
d31/stigmasterol (), and PA‐d31/ergosterol () mixtures, pH 7.4. 
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The smoothed order profiles associated with the fluid lamellar component in the spectra 
of PA-d31/sterol mixtures, pH 8.4, are presented in Figure 2.7. This pH was selected because all 
the systems displayed lo phases except PA-d31/stigmasterol mixture at low temperature. The 
order profiles were all typical of the lo phase.1, 2, 5 The region near the interface displayed a 
relatively constant and high orientational order, followed by an abrupt decrease of order along the 
chain toward the middle of the bilayer. The order parameter in the plateau region were very high, 
varying, at 25 °C, between 0.45 and 0.47, indicative of PA acyl chains that are nearly in an all-
trans configuration. All the investigated sterols gave rise to high PA-d31 acyl chain order. An 
increase of temperature led to a decrease of orientational order. Typically, between 25 and 65 °C, 
the averaged SC–D decreased by about 10%. It should be noted that the fatty acid chain in the PA-
d31/stigmastanol and PA-d31/stigmasterol mixtures was slightly less ordered near the end of the 
chain (carbon positions 14 to 16) than that observed for the mixtures with other sterols, 











of  PA‐d31/Chol  (),  PA‐d31/dihydrocholesterol  (),  PA‐d31/7‐dehydrocholesterol  (),  PA‐
d31/stigmastanol  (),  PA‐d31/stigmasterol  (),  and  PA‐d31/ergosterol  () mixtures.  For  all  the 
mixtures, the PA‐d31/sterol molar ratio was 3/7 and pH was 8.4. 
 
2.4.3. PA/sterol LUVs  
 
It has been shown that, despite the very high cholesterol content, it is possible to extrude 
the PA/Chol or PA/Schol mixtures, at neutral pH.4, 9 We have therefore examined the possibility 
to prepare LUVs from the PA/sterol mixtures. The extrusions were carried out at pH 7.4 and 
room temperature. Table 2.1 summarizes the results, including PA/Chol system as a control. 
Only the PA/ergosterol mixture could not be extruded in these conditions; the presence of solid 
particles blocking the pores of the filters was likely the origin of this phenomenon. For PA/Chol, 
PA/stigmastanol and PA/dihydrocholesterol mixtures, LUVs with a unimodal size distribution 
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were obtained and their average size, as determined by dynamic light scattering, was consistent 
with the diameter of the pores in the polycarbonate filters (100 nm). For PA/stigmasterol and 
PA/7-dehydrocholesterol mixtures, a bimodal distribution was observed after extrusion. The 
mean hydrodynamic diameter of one population was close to 100 nm, likely associated to 
isolated LUVs produced by the extrusion through the filters while the mean diameter of the other 
population was much larger than 100 nm. The trapping capacity of these LUVs was assessed by 
fluorescence. The initial self-quenching of calcein entrapped in the LUVs was between 0.80 and 
0.93. These values were close to that expected for the encapsulation of a 80 mM calcein 
solution25, 38 demonstrating the efficient trapping during the extrusion process and the isolation of 
the calcein-loaded LUVs.  
 
Table 2.1. Characteristics of extruded LUVs for various PA/sterol 3/7 (molar ratio) mixtures. 
 dLUVs (nm) (proportion) Initial self-quenching 
PA/Chol 117 ± 22 (100%) 0.871 ± 0.013 
PA/dihydrocholesterol 103 ± 23 (100%) 0.930 ± 0.019 
PA/7-dehydrocholesterol 
114 ± 33 (72%) 
0.908 ± 0.007 
255 ± 68 (28%) 
PA/ergosterol Impossible to extrude 
PA/stigmastanol 121 ± 21 (100%) 0.80 ± 0.10 
PA/stigmasterol 
80 ± 10 (52%) 
0.844 
192 ± 37 (48%) 
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The passive release from these vesicles was determined as a function of time (Figure 2.8). 
The passive leakage was found to be dependent on the nature of the sterol. It could be 
characterized by the time for which half the calcein was released (t1/2). This parameter 
corresponded to 20, 30, and 70 days for PA/stigmasterol, PA/stigmastanol, and PA/7-
dehydrocholesterol LUVs respectively. The leakage was even more limited for PA/Chol, as 
previously shown,4 and for PA/dihydrocholesterol LUVs that showed a release of about 30% of 




PA/7‐dehydrocholesterol  (),  PA/stigmastanol  (),  and  PA/stigmasterol  ()  LUVs.  For  all  the 
mixtures, the PA/sterol molar ratio was 3/7 and pH was 7.4. 
 
2.4.4. Effect of pH on PA/sterol LUVs  
 
Because of the presence of the carboxylic group, LUVs formed with Chol and Schol were 
shown to be pH sensitive.9 In order to detail the impact of the sterol structure on the pH 
sensitivity, the leakage of PA/stigmastanol and PA/dihydrocholesterol LUVs (the 2 systems that 
provided LUVs with a unimodal size distribution) was characterized as a function of the external 
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pH; PA/Chol LUVs were also included in the study as a control. Figure 2.9 displays the potential 
of these LUVs for pH-triggered leakage as the content release is shown to be strongly dependent 
on the external pH. The pH profile of this release was similar for the 3 investigated systems. For 
pH  6, the LUVs remained stable, even when the external pH was increased to 9.5. When the 
external pH was decreased to lower values, a release was then triggered. At pH 4, most of the 
content was rapidly liberated. The different structural details of the investigated sterols did not 
seem to have a significant impact on this behavior. The protonated/unprotonated state of the 


















 The present study reveals the impact of the nature of the sterol on the general behavior of 
PA/sterol systems. We show that, similar to previous observations with cholesterol and Schol,1, 9 
mixtures of several neutral sterols with PA give rise to the formation of stable lo lamellar phases 
with a high sterol content. All the investigated membrane-active sterols were shown to induce the 
ordering of the PA alkyl chain, and to lead to the formation of fluid bilayers that could be 
extruded using standard extrusion techniques to provide LUVs. The alkyl chain ordering effect of 
the sterols is analogous to the previous observations on their effect on phospholipid bilayers.7, 10, 
13, 36, 39-42 The impact is associated with the presence of the 3-OH group that orients the sterol in 
the bilayers, the rigid and relatively flat steroid cycle network, and the flexible alkyl chain at 
position C17.  
 
It should be pointed out that the sterol content in the bilayers investigated in the present 
paper is considerably higher than that typically used in phospholipid bilayers.8 It has been shown 
that gel-phase bilayers could not be extruded by standard procedure.43 Their resistance is 
associated with their high deformation modulus. The sterols of the non-phospholipidic bilayers 
prepared here appears to decrease the modulus in such a way that extrusion becomes possible if 
one excludes ergosterol; this sterol seems to have a limited solubility when combined with PA as 
discussed below. 
 
The pH-sensitivity of the PA/sterol mixtures also displays similar features. The stability 
of the lamellar phase and the resulting liposomes is directly dictated by the protonation state of 
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the fatty acid. All the investigated mixtures were shown to form more stable lo lamellar phase at 
high pH, when most of the PA is unprotonated. At lower pH, when a significant fraction of the 
PA molecules are protonated, the bilayers become less stable. This behavior has been described 
in detail for the PA/Chol mixture.2, 9 In the investigated mixtures, we observed that a lower pH 
favored the formation of solid PA. In parallel, the decrease of the external pH triggered the 
release of the encapsulated material in the high sterol content LUVs. These results establish that 
the protonation state of the acid is a main feature dictating the bilayer stability. It has been 
proposed that the repulsion between the negatively charged unprotonated PA favors their mixing 
with the sterol molecules in order to limit this unfavorable contribution to the free energy.2 
 
Even though a general behavior is induced by the various investigated neutral sterol, the 
nature of the sterol modulates its details in the mixtures with PA. On the basis of their behavior 
with PA, the investigated sterols can be divided into 2 groups: cholesterol, dihydrocholesterol 
and 7-dehydrocholesterol formed exclusively lo bilayers with 30 (mol) % PA at room 
temperature, at pH 7.4 whereas the mixtures with ergosterol, stigmastanol, and stigmasterol 
included a significant proportion of solid PA, as inferred from the 2H NMR spectra and the (CD2) 
of the IR spectra. Moreover, the latter give rise to an isotropic phase upon heating above 60 °C. 
In parallel, the liposomes formed with sterol in the first group showed systematically a reduced 
passive permeability compared to those formed with a sterol from the second group. Ergosterol 
appears to be an extreme case in the second group because it was even impossible to obtain 
extruded liposomes, likely because it has a limited solubility with PA and the solid sterol 
particles would clog the filter pores. From a structural point of view, the sterols of the first group 
bear the same alkyl side chain at C17 whereas the sterol of the second group include a trans 
Chapter 2 PA/Sterol pH-Sensitive Sterosomes 
84 
 
double bond at C22–C23 and a methyl or ethyl group at C24. This difference is the likely origin 
of the different behavior. An alkyl substituent at C24 and a double bond between C22 and C23 
have been previously identified as structural features limiting the interactions between the sterols 
and phospholipids.44 These functional groups are proposed to lead to a bulkier and stiffer alkyl 
side chain at position 17. For example, the cross-sectional area of ergosterol was found to be 
significantly larger (+21%) than that of cholesterol.45 Interestingly there is no consensus relative 
to the impact of this molecular change on the properties of phospholipid bilayers. Some studies 
report that the bulkier and stiffer alkyl chain limits the chain motions of the surrounding 
phospholipid and/or account for stronger van der Waals interactions and therefore causes a large 
ordering effect.10, 12 An analogous rationale has been proposed to explain the reduced out-of-
plane motion of ergosterol compared to cholesterol in DPPC fluid bilayers.11 Conversely, other 
studies conclude that a large alkyl moiety at position 17 prevents the tight packing of the lipids 
and sterols bearing this bulky side chain lead to a reduced ordering effect compared to cholesterol. 
For example, it was observed that cholesterol leads to a larger stabilization of the lo phase in 
sphingomyelin bilayers compared to stigmasterol and ergosterol.46 Similarly the condensing 
power of cholesterol on DPPC, sphingomyelin and POPC bilayers was found to be larger than 
that of ergosterol,12, 19, 47, 48 a conclusion also supported by a monolayer study.49 Cholesterol leads 
also to a larger increase of the bilayer bending rigidity than ergosterol.14 These different effects 
may be related to the different parameters such as the unsaturation level of the alkyl chain of the 
interacting molecule, the proportion of sterol, and the temperature.10, 50 In the present system, it is 
clear that the bulky alkyl group at position 17 unfavors the formation of fluid bilayers with PA. In 
parallel, a temperature increase promotes the formation of lo phase bilayers in the presence of the 
sterols with bulky alkyl groups, suggesting an entropy-driven phenomenon. It is proposed that the 
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bulky alkyl group reduces the van der Waals intermolecular interactions once incorporated in 
bilayer geometry. This decrease and the resulting reduction of the enthalpic term would lead to a 
phase separation and to the formation of solid PA-d31 and, very likely, solid sterol. This 
conclusion is in good agreement with the limited solubility of stigmasterol recently reported in 
phospholipid bilayers that was attributed to "chain packing incompatibility".50 A reduced 
solubility in phosphatidylcholine bilayers was also reported for stigmasterol and ergosterol 
compared to cholesterol.40  
 
In addition to displaying a reduced propensity to form lo phase bilayers, stigmastanol, and 
stigmasterol mixed with PA-d31 form LUVs with a reduced passive impermeability compared to 
cholesterol, dihydrocholesterol and 7-dehydrocholesterol. This observation could also be 
associated with the presence of the bulky alkyl side chain. The increased efflux could be due to 
an overall lipid packing which is not as tight as those obtained in the presence of sterol with a 
side chain at C17 identical to cholesterol. It could also be associated with a propensity of the 
mixture to phase separate. This hypothesis would be consistent with the reported effect of 
stigmasterol and cholesterol on the water permeability of phosphatidylcholine bilayers.39 It was 
found that both sterols reduce the bilayer permeability to water but the effect of stigmasterol was 
less pronounced, an effect mainly attributed to the reduced alkyl chain ordering of the 
phosphatidylcholine. 
 In conclusion, under certain conditions, the mixtures of PA and various sterols can form 
fluid ordered bilayers, which are analogous to those previously reported for the PA/Chol and 
PA/Schol systems.1, 2 Conventional method can be used to extrude the PA/sterol mixtures to form 
stable LUVs, except PA/ergosterol system. The external pH can trigger the release of the 
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liposomes and the pH-sensitivity of these PA/sterol LUVs is particularly helpful for their use as 
nanocarriers for in vivo applications. All the sterols have the ability to order the acyl chain. 
However, different architectures of sterols have different propensities to form lo lamellar phase. 
Particularly, the structure of the alkyl tail chain has more pronounced effects than the ring 
network on the stability of the LUVs. The effect of the bulky group at the sterol C17 position on 
the neighboring alkyl chains is likely also present in phospholipid bilayers, as previously 
proposed. 12, 19, 46-49 
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Systems composed of a monoalkylated amphiphile and a sterol have been shown to form 
stable liquid-ordered (lo) lamellar phases; these include negatively charged mixtures of 
unprotonated palmitic acid/cholesterol (Chol) or cholesterol sulfate (Schol), and mixtures of 
positively charged cetylpyridinium chloride/Schol. Large unilamellar vesicles (LUVs) could be 
formed by these systems, using conventional extrusion methods. The passive permeability of 
these LUVs was drastically limited, a phenomenon associated with the high sterol content. In the 
present paper, we showed that octadecyl methyl sulfoxide (OMSO), a neutral monoalkylated 
amphiphile, can form, in the presence of cholesterol, LUVs that are stable at room temperature. 
Differential scanning calorimetry, infrared spectroscopy, and nuclear magnetic resonance 
spectroscopy of deuterium were used to characterize the phase behavior of OMSO/Chol mixtures. 
A temperature–composition diagram summarizing the behavior of the OMSO/Chol system is 
proposed; it includes a eutectic with an OMSO/Chol molar ratio of 5/5. It is found that the fluid 
phase observed at temperature higher than 43 °C is metastable at room temperature, and this 
situation allows extruding these mixtures to form stable LUVs at room temperature. This distinct 
behavior is associated with the strong H-bond capability of the sulfoxide group. The properties 
associated with this neutral formulation expand the potential of these non-phospholipid 
liposomes for applications in several areas such as drug delivery. 





It is now established that mixtures of monoalkylated amphiphiles with high sterol contents 
can form fluid bilayers. For example, mixtures of palmitic acid (PA) with various sterols, 
including cholesterol (Chol), and cholesterol sulfate (Schol), are found to self-assemble to 
provide stable lamellar structure in the liquid-ordered (lo) phase; in this phase, the lipids 
experience fast lateral and rotational diffusion but the PA alkyl chain displays high 
conformational order.1-5 Similar structures are reported with cetylpyridinium chloride 
(CPC)/Schol,6 and lyso-palmitoylphosphatidylcholine (lyso-PPC)/Chol,7 whereas an analogous 
behavior is proposed for N-acylethanolamine (NAE)/Chol8 mixtures. Typically, the 
monoalkylated amphiphile/sterol molar ratio of these bilayer-forming mixtures is between 5/5 
and 3/7. Even though these monoalkylated amphiphiles or sterols do not form fluid lamellar 
phases once hydrated individually, their mixtures lead to stable lo-phase bilayers. These have a 
sterol/alkyl chain content considerably higher than typical phospholipid bilayers, considering that 
a phospholipid bears typically two alkyl chains.9-11 
 
 The main driving force associated with the formation of these fluid non-phospholipid 
bilayers is indeed the hydrophobic interactions, but the molecular prerequisites leading these 
molecules to self-assemble to form a fluid bilayer with alkyl chains highly ordered are not clearly 
established. The hydrophobic match between the apolar parts of the molecular constituents was 
shown to be critical for the formation of lo lamellar phases.2 These bilayers are destabilized when 
the alkyl end chain of the sterol is bulky,5 a feature that limits the ordering of the monoalkylated 
amphiphile, and consequently, the van der Waals interactions between the molecular species. 
Chapter 3 OMSO/Chol neutral Sterosomes 
 96
Electrostatic interactions appear also to play an essential role in the stability of these bilayers and 
of the resulting LUVs. So far, all the reported monoalkylated amphiphile/sterol mixtures forming 
stable fluid bilayers at room temperature include at least one molecular species bearing a charge. 
For example, it is striking that, at room temperature, stable fluid lamellar phases are obtained 
with unprotonated PA and cholesterol, with protonated PA and Schol, but not with protonated PA 
and cholesterol.12 In fact, it has been shown that the stability of these bilayers as a function of pH 
is intimately related to the pKa of the fatty acid used to form the bilayers.13 Similar fluid lamellar 
phases are obtained with cholesterol mixed with CPC, a cationic monoalkylated amphiphile.6 It 
was also reported that mixtures of lyso-PPC and cholesterol can form fluid bilayers;7 in this case, 
even though the overall charge is nil, the zwitterionic nature of lyso-PPC provides a local 
negative charge, on the phosphate group, and a positive one, on the quaternary ammonium group. 
Unprotonated PA/Chol, protonated PA/Schol, and CPC/Schol systems, which form these fluid 
bilayers at room temperature, can be extruded using standard extrusion procedures to form large 
unilamellar vesicles (LUVs).4, 6, 12 Interestingly, the permeability of these LUVs is drastically 
reduced compared with the conventional liposomes made by phospholipids, likely due to their 
high sterol content. The protonated PA/Chol system, which is completely neutral, can form fluid 
bilayers only above 50 °C while the components remain solid at room temperature.1 In this case, 
it is impossible to extrude the mixture to form LUVs. Therefore, it appears that interfacial 
electrostatics plays a significant role in the stability of the lo-phase bilayers made of a 
monoalkylated amphiphile and a sterol.  
 
In the present paper, we examine the possibility of using a neutral monoalkylated 
amphiphile and cholesterol to form completely neutral fluid bilayers. From an application point 
of view, neutral liposomes have been shown to display some distinct advantages. For example, it 
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has been shown that liposomes used as biocompatible drug carriers can present improved 
behavior for the immune-mediated clearance and the inflammatory response.14-16 Moreover, 
neutral liposomes were shown to display a distinctly uniform brain distribution, insensitive to the 
entrapped chemical, making them attractive nanovectors for predictable drug delivery and for 
imaging agents of brain.17 We used octadecyl methyl sulfoxide (OMSO) (Figure 3.1), a dimethyl 
sulfoxide analogue bearing an 18 carbon atoms alkyl chain; its alkyl chain length matches the 
hydrophobic section of cholesterol.2 OMSO is a neutral molecule, but the sulfoxide group is a 
very good H-bond acceptor leading to strong H-bonds.18-21 For example, it is proposed that the H-
bond interactions involving dimethyl sulfoxide (DMSO) are strong enough to induce the 
formation of a eutectic complex with water,18, 22 as well as with acetic acid.19 In this work, we 
show that the particular H-bonding properties of the sulfoxide group lead to the possibility of 
forming fluid bilayers with OMSO and cholesterol mixtures, and these can be extruded to form, 
at room temperature, neutral LUVs. The phase behavior of OMSO/Chol mixtures was 
investigated by differential scanning calorimetry (DSC), infrared (IR) spectroscopy, and nuclear 
magnetic resonance spectroscopy of deuterium (2H NMR). A temperature–composition diagram 
summarizes the behavior of the OMSO/Chol mixtures. This diagram indicated the suitable 
conditions to prepare non-phospholipid liposomes, and we examined the possibility to extrude 
the OMSO/Chol mixtures to form LUVs and characterized the stability and the permeability of 
these resulting liposomes.  
 
 





3.3 Materials and methods 
 
 Octadecyl methyl sulfoxide (OMSO) was obtained from Narchem Corporation (Chicago, 
IL, USA). Cholesterol (Chol) (>99%), cholesterol-2,2,4,4,6-d5 (Chol-d5) (97 atom % D), 
tris(hydroxymethyl)aminomethane (TRIS) (99%), 2-[N-morpholino]ethanesulfonic acid (MES) 
(>99%), ethylenediaminetetraacetic acid (EDTA) (99%), NaCl (>99%), Triton X-100 (99%) and 
deuterium-depleted water (>99.99%) were purchased from Sigma Chemical Co. (St. Louis, MO, 
USA). Calcein (high purity) was obtained from Invitrogene (Burlington, ON, Canada), and 
Sephadex G-50 Medium from Pharmacia (Uppsala, Sweden). Methanol (spectrograde) was 
purchased from American Chemicals Ltd. (Montreal, QC, Canada), whereas benzene (high 
purity), was from BDH Inc. (Toronto, ON, Canada). All the chemicals were used without further 
purification.  
 
Mixtures of OMSO and cholesterol were prepared by dissolving weighed amounts of the 
solids in a mixture of benzene/methanol 95/5 (v/v). The solutions were then frozen in liquid 
nitrogen and lyophilized for at least 16 h to allow complete sublimation of the organic solvent. 
Cholesterol was substituted with Cholesterol-d5 for the 2H NMR experiments.  
 
Chapter 3 OMSO/Chol neutral Sterosomes 
 99
3.3.1 DSC, 2H NMR, and IR spectroscopy 
 
The freeze-dried lipid mixtures were hydrated with a MES/TRIS buffer (MES 50 mM, 
TRIS 50 mM, NaCl 10 mM, EDTA 5 mM) at pH 7.4. The buffer was prepared with Milli-Q 
water for DSC and IR spectroscopy and deuterium-depleted water for 2H NMR experiments. The 
final lipid concentration was 20 mg/mL for DSC, and 30 mg/mL for IR spectroscopy and 2H 
NMR experiments. The suspensions were subjected to five cycles of freezing-and-thawing (from 
liquid nitrogen temperature to ~70 °C) and vortexed between successive cycles to ensure good 
hydration of the samples. The pH was measured and readjusted by the addition of HCl or NaOH 
diluted solution, if necessary. The samples were then incubated for at least one week at room 
temperature. 
 
The DSC was performed with a VP-DSC microcalorimeter (MicroCal, Northampton, 
MA). The reference cell was filled with the buffer. The data acquisition was performed from 20 
to 90 °C, at a heating rate of 20 °C/h. Data acquisition and treatment were performed with the 
Origin software (MicroCal software, Northampton, MA). 
 
The 2H NMR spectra were recorded on a Bruker AV-600 spectrometer, using a Bruker 
static probe equipped with a 5 mm coil. A quadrupolar echo sequence was used with a 90o pulse 
of 3.0 s and an interpulse delay of 24 s. The recycling time was 30 s. In absence of a slow-
relaxation component, namely, a solid phase, the recycling delay was reduced to 0.3 s. Typically, 
5000 FIDs were coadded. The temperature was regulated using a Bruker VT-3000 controller, 
varying from low to high and then back to the initial temperature. In order to characterize the 
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kinetics of the solid phase formation, FIDs with the long (30 s) and short (0.3 s) delay were 
acquired in an alternating manner from a sample heated to 55 °C and then rapidly cooled down to 
30 °C.  
 
The IR spectra were recorded on a Thermo Nicolet 4700 spectrometer, equipped with a 
KBr beam splitter and a DTGS-L-alanine detector. Briefly, an aliquot of the sample was placed 
between two CaF2 windows separated by a 5-m-thick Teflon ring. This assembly was inserted 
in a brass sample holder, whose temperature was controlled using Peltier thermopumps. Each 
spectrum was the result of 60 coadded scans acquired with a nominal 2 cm–1 resolution and 
Fourier transformed using a triangular apodization function. The temperature was varied from 
low to high, with 2 °C steps and a 5 min incubation period prior to the data acquisition. The 
reported band positions correspond to the centers of gravity calculated from the top 5% of the 
band.  
 
3.3.2 Permeability measurements 
 
The permeability of LUVs was measured using a standard procedure based on the self-
quenching property of calcein at high concentration.23, 24 OMSO/Chol mixtures were hydrated, at 
a lipid concentration of 85 mM, with the MES/TRIS buffer, pH 7.4, and containing calcein (80 
mM). The LUVs were prepared by extrusion using a hand-held Liposofast extruder (Avestin, 
Ottawa, Canada). The dispersions were passed 15 times through two stacked polycarbonate filters 
(100 nm pore size) at ~65 °C. Calcein-containing LUVs were separated at room temperature from 
free calcein by exclusion chromatography, using a column (diameter 1.5 cm, length 25 cm) filled 
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with Sephadex G-50 medium gel and an isoosmotic MES/TRIS buffer (MES 50 mM, TRIS 50 
mM, NaCl 130 mM, EDTA 5 mM, pH 7.4) as eluent. The collected LUV fraction was diluted 
100 times with this isoosmotic buffer to perform the measurements.  
 
Immediately after the isolation and dilution of the calcein-loaded vesicles, the 
fluorescence intensity was measured from an aliquot of this stock LUVs suspension prior to (Ii) 
and after (Ii+T) the addition of 10 L of Triton X-100 solution (10% (v/v) in the external 
MES/TRIS buffer); these intensities were referred to as initial values, i.e., obtained at t = 0. After 
a given time, the calcein fluorescence intensity was measured on another aliquot of the LUV 
stock suspension before (If) and after (If+T) the addition of Triton X-100. The fluorescence 
intensity, measured after addition of the detergent, corresponded to the complete release of 
calcein and was used to normalize the leakage. The percentage of encapsulated calcein remaining 
at that time in the LUVs was calculated as follows: 
% of encapsulated calcein 100   
I / )I - (I







                   (3.1) 
The % of release corresponded to (100 – % of encapsulated calcein).  
 
The potential pH-triggered leakage of calcein was also examined. The pH was modified 
by adding an aliquot of diluted NaOH or HCl solution directly to an aliquot of the LUV 
suspension. The calcein fluorescence intensities were measured after the stabilization of pH 
(typically after ~2 min). The percentage of released calcein was calculated with the eq 3.1, except 
Ii and Ii+T corresponded to the measurements at initial time and also initial pH (pH 7.4), whereas 
If and If+T were obtained from an aliquot at a modified pH, before and after the addition of Triton 
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X-100, respectively. The pH effect was examined for both increasing and decreasing pH values. 
The calcein fluorescence intensity was relatively constant over the investigated pH range.23  
 
The calcein fluorescence intensity was measured using excitation and emission 
wavelengths of 490 and 513 nm, respectively by a SPEX Fluorolog spectrofluorimeter. All the 
leakage experiments were carried out at room temperature. 
 
The hydrodynamic diameters of the LUVs were measured at 25 ºC using a Coulter N4 
Plus quasi-elastic light scattering apparatus coupled with a Malvern autocorrelator. The scattering 
intensity was adjusted by the dilution of the dispersion with the MES/TRIS buffer. The 
fluorescence and quasi-elastic light scattering measurements were carried out as closely as 
possible. 
 
3.4 Results and discussion 
 
3.4.1 DSC experiments 
 
Figure 3.2 presents thermograms of OMSO/Chol mixtures with various compositions, 
hydrated at pH 7.4. For pure OMSO, a phase transition is observed at about 60 °C, corresponding 
to its melting. For an OMSO/Chol mixture with a molar ratio of 7/3, two maxima are observed, at 
about 44 and 58 °C (Figure 3.2b). The shape of the endotherm is associated with the shape of the 
phase coexistence region in the phase diagram, as discussed below. The first maximum 
corresponds to the beginning of the formation of a fluid phase, crossing a three-phase line from 
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solid phases to a region where there is coexistence of lo phase and solid OMSO. The rest of the 
endotherm corresponds to crossing the co-existence phase. The OMSO/Chol 5/5 mixture shows 
only one endothermic sharp peak at 43 °C, indicative of the formation of a eutectic mixture. For 
OMSO/Chol molar ratios of 3/7 and 1/9, the maximum at 43 °C is still present but another 
broader endothermic peak is observed at 70 °C for the 3/7 molar ratio and at 85 °C for the 1/9 
molar ratio. A dehydration transition is observed for the solid cholesterol in excess water at ~72 
°C25, 26 and the observed endotherm is believed to be associated with excess solid cholesterol 
experiencing such a transition. This behavior is reminiscent of that previously observed by 
Ouimet et al.3 for PA/Chol mixtures. That system showed, at pH 5.5, a eutectic behavior at 
similar proportions as a sharp transition from solid to fluid lamellar phase was observed at 53.5 
°C, about 8 °C lower than the melting point of hydrated PA.3 On the basis of these similarities, 
and the spectroscopic features reported below, a similar behavior is proposed for the OMSO/Chol 
mixtures. In this system, the eutectic composition corresponds to a 5/5 molar ratio and the solid 




Chapter 3 OMSO/Chol neutral Sterosomes 
 104
No peak is observed upon cooling the eutectic mixture from 90 to 20 °C. In addition, no 
endotherm is observed during a second heating. The endotherm associated with the solid to lo 
phase transition reappears after ~3 days of incubation at room temperature. These results are 
indicative of the metastability of the phase formed at high temperature, and this aspect is 
discussed in the next section. 
 
3.4.2 2H NMR experiments  
 
Figure 3.3 – column A presents the evolution of the 2H NMR spectrum of an equimolar 
OMSO/Chol-d5 mixture, at pH 7.4, as a function of increasing temperature. At 25 and 35 °C, a 
single broad powder pattern is observed and its quadrupolar splitting measured between the two 
maxima corresponds to 124 kHz. This profile is typical of solid cholesterol.1, 27 The five 
deuterated positions give rise to similar splittings when the cholesterol molecules are immobile, 
the chemical shifts and the static quadrupolar constants of the various deuterated groups being 
very similar.28, 29 At 45 °C and above, the 2H NMR spectrum is drastically modified: three 
reasonably well resolved powder patterns with reduced quadrupolar splittings are observed. No 
contribution of a solid phase can be observed. This transition between solid cholesterol and 
cholesterol solubilized in fluid bilayers is consistent with the results obtained from the DSC 
experiments. For cholesterol-d5 in the OMSO/Chol mixture at 55 °C, the quadrupolar splittings 
measured between the maxima (the 90° orientation) are reported in Table 3.1. These values are 
very similar to those previously obtained for cholesterol-d5 in various fluid bilayers including 
PA/Chol system,1 phosphatidylcholine bilayers,30, 31 model mixtures of stratum corneum lipids,27 
and biological membranes such as human red blood cell membranes,32 and membranes of 
mycoplasma Acholeplasma laidlawii (strain B).33 This correspondence strongly suggests a 
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similar orientation and dynamics of cholesterol in the OMSO/Chol fluid lamellar phase. The 
molecular design of cholesterol appears to strongly dictate its orientation in lipid bilayers with no 
considerable dependence on the composition of the matrix.  
 
Figure 3.3. 2H NMR spectra of an equimolar OMSO/Chol‐d5 mixture, pH 7.4. Column A, from top 
to  bottom,  represents  the  thermal  evolution  of  the  spectrum  as  a  function  of  increasing 
temperature.  Column  B  presents  the  progressive  solidification  of  cholesterol  in  OMSO/Chol 
metastable bilayers that were obtained from a rapid cooling of the sample from 55 to 30 °C. 
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Using an approach previously described,1, 31 the residual quadrupolar splittings, Q, of 
the 2H NMR powder pattern could be described by the fast rotation of cholesterol along its long 








3 2                                     (3.2) 
where AQ is the static quadrupolar constant (170 kHz for the C–D bonds29) and  is the angle 
between the bilayer normal and the magnetic field. Smol denotes the fluctuations of the whole 
cholesterol molecule with respect to the bilayer normal, whereas SC–D represents the averaged 
orientational intramolecular order parameter. For labeled cholesterol, the C–D bonds are linked to 
the steroid rigid rings, and consequently, SC-D should be essentially representative of the fixed 
angle () between the C–D bond and the cholesterol long axis, defined as the rotation axis. The 
specific assignment of the powder patterns to the various deuterated positions and the resulting 
specific orientation of the C–D bonds were reported for DMPC/Chol-d5 systems29 (Table 3.1). 
Using these  values, we could reproduce, within 3 kHz, the three measured quadrupolar 
splittings for OMSO/Chol system, using Smol as the only adjustable parameter. The resulting Smol 
is 0.92, a value similar to those previously obtained for cholesterol in lo phase bilayers formed 
with CPC/Chol,6 PA/Chol,1 and DMPC/Chol.31 As Smol is close to 1, it is concluded that the sterol 




















2,4-2H2 ax 45.4 74.1 
0.92 
46 
2,4-2H2 eq 33.4 66.2 30 
6-2H 4.0 55.8 3 
 
 
2H NMR spectroscopy allowed us to discover that the high-temperature structure was 
metastable at room temperature. The irreversibility of the transition can be assessed, for example, 
by cooling rapidly the OMSO/Chol-d5 sample from 55 to 30 °C and by recording the 2H NMR 
spectrum as a function of time (Figure 3.3 column B). After rapid cooling to 30 °C, no solid 
phase is observed. The spectrum is practically identical to that measured at 55 °C, including 
essentially identical quadrupolar splittings. Progressively, the contribution of the solid phase 
appears and the spectrum becomes a combination of the spectra representative of solid 
cholesterol and cholesterol solubilized in fluid bilayers. After 91 h at 30 °C, cholesterol exists 
exclusively under the solid phase. We can describe the kinetics of this solidification of 
cholesterol in an OMSO/Chol-d5 mixture using 2H NMR (Figure 3.4). Spectra, obtained from 100 
scans, were recorded as a function of time using alternatively a long (30 s) and short (0.3 s) 
relaxation delay. The relaxation time of solid cholesterol-d5 is about 4 s,33 whereas it is less than 
14 ms for cholesterol solubilized in a fluid bilayer.35 As a consequence, essentially only the 
cholesterol molecules solubilized in the lo bilayers contribute to the spectra acquired with the 
short relaxation delay, while the spectra obtained with the long relaxation delay are representative 
of all the sterol molecules. The proportion of the lo phase is calculated from the ratio of the area 
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of the short-delay spectrum and that of the following long-delay spectrum. The suspension exists 
under a lo phase for the first 30 h following its cooling; consequently, the spectra acquired with 
long and short relaxation delays have the same area, leading to a lo phase proportion of 1. 
Afterward a transition toward the solid phase occurs, and finally, cholesterol exists essentially 
under the solid form after ~55 h. A residual proportion of lo phase is reported (~0.08), but it 
corresponds in fact to cholesterol in an isotropic phase, which shows up as a narrow peak right in 
the middle of the 2H NMR spectrum (Figure 3.3 column B). This phase is observed after the 






3.4.3 IR spectroscopy experiments 
 
The thermal behavior of OMSO/Chol mixtures was examined by IR spectroscopy. The 
position of the symmetric C–H stretching (C–H) mode, associated to OMSO alkyl chain, is 
mainly sensitive to the trans–gauche chain isomerization, and to the interchain coupling, 
Chapter 3 OMSO/Chol neutral Sterosomes 
 109
providing a sensitive probe for transitions involving the introduction of chain conformational 
disorder.36-38 The melting of pure hydrated OMSO is easily detected by the abrupt shift of the C–
H band from 2848 to about 2853.5 cm–1, at about 60 °C (Figure 3.5). This temperature 
corresponds to the transition identified by DSC. The two extreme C–H positions are 
representative of highly ordered and disordered chains, respectively.36, 39 A transition between 42 
and 47 °C was observed for equimolar OMSO/Chol system, in agreement with the thermogram 
presented in Figure 3.2c. At low temperatures, the position of the C–H band is about 2848 cm–1; 
values below 2850 cm–1 are generally associated with all-trans alkyl chains for molecules under a 
solid form.36, 39 Therefore, those results are indicative of highly ordered alkyl chains of solid 
OMSO. At temperatures higher than the transition temperature, the position of the C–H band was 
shifted to ~2851 cm–1, a value lower than that observed for OMSO in the fluid state. This 
intermediate position corresponds to that observed for cholesterol-rich bilayers.12, 36, 40, 41 The 
thermal behavior, as probed by IR spectroscopy, was also determined for other OMSO/Chol 
mixtures (3/7, 7/3, and 1/9 (mol/mol)). At low temperature, the position of the C–H band is 
~2848 cm–1 which indicates that OMSO alkyl chains are highly ordered, likely under a solid 
form.36, 39 Upon heating above 43 °C, the position of the C–H band was abruptly shifted to ~2853 
cm–1 for the OMSO/Chol mixture (1/9); this value is similar to that observed for OMSO in the 
fluid state and is indicative of highly disordered alkyl chains. For thermal evolution of the 
position of the C–H band for the OMSO/Chol (3/7) mixture is similar to that of the eutectic 
composition. In the case of the OMSO/Chol (7/3) mixture, a shift of the C–H band by about 1 
cm–1 is observed at about 43 °C, followed by a more progressive shift of the band position 
between 43 and 60 °C, indicating the progressive disordering of OMSO alkyl chain.  
 







The metastability of the fluid phase was also investigated by IR spectroscopy. Figure 3.6 
includes the variation of the C–H band position upon the cooling of an equimolar OMSO/Chol 
mixture, right after heating up to 70 °C. The C–H band position remains at ~2851 cm–1 even at 25 
°C, i.e., nearly 20 °C below the solid–lo phase transition observed upon heating. This observation 
is consistent with the bilayers remaining in a metastable lo phase. The CH2 deformation mode 
(CH2), between 1450 and 1480 cm–1, was also examined to confirm the lo phase metastability, 
because this mode is sensitive to the chain packing of the OMSO (Figure S3.1). At the beginning 
of the experiment, when the sample has been incubated for at least one week at room temperature, 
the (CH2) mode gives rise to two components located at 1464 and 1472 cm–1. This splitting is 
typical of a solid phase for which the alkyl chain pack with an orthorhombic symmetry.42 When 
the sample is cooled down to 30 °C after being heated at 70 °C, a single component at 1468 cm–1 
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is observed, confirming the existence of a metastable phase. The band splitting reappears as a 
function of time when the mixture is incubated at 30 °C.  
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3.4.4 OMSO/Chol temperature–composition diagram  
 
In order to summarize the phase behavior revealed by the calorimetric and spectroscopic 
studies, an OMSO/Chol temperature–composition diagram is proposed (Figure 3.7). Below 43 °C, 
OMSO (as inferred from the low C–H band position) (Figure 3.5) and cholesterol (as inferred 
from the 2H NMR spectra) form solid phases. Upon heating, there is the formation of a lo 
lamellar phase, observed from the thermograms, the shift of the C–H position in IR spectroscopy, 
and the modification of the 2H NMR spectrum of cholesterol-d5 that is associated with the 
introduction of molecular rotational freedom. The OMSO/Chol 5/5 molar ratio corresponds 
roughly to a eutectic composition, as the DSC endotherm is fairly narrow. Only the lo phase is 
present for T > 43 °C on the basis of the fluid cholesterol 2H NMR spectra and the C–H band 
position consistent with alkyl chain in a lo phase. For T > 43 °C, higher cholesterol proportion 
appears to lead to the coexistence of the lo phase and solid cholesterol. For these samples, the 
variation of the C–H band position (Figure 3.5) is consistent with the fluidification of the OMSO 
alkyl chain at 43 °C, crossing the three-phase line. The presence of solid cholesterol is suggested 
by the small endotherms at about 80 °C that could be attributed to the solid–solid dehydration of 
the sterol in excess. In addition, the impossibility to extrude the OMSO/Chol 3/7 mixture is 
compatible with solid cholesterol obstructing the filters. For OMSO proportions greater than the 
eutectic composition, the variation of the C–H band position (Figure 3.5) and the DSC curves are 
indicative of a two-phase region where there is the coexistence of OMSO solid phase with the lo 
phase. It can be observed that the OMSO chain disordering undergoes a fluidification over 20 
°C, between 43 °C (the fluidification temperature of the eutectic mixture) and 60 °C (the 
fluidification temperature of pure OMSO). Beyond 60 °C, pure OMSO becomes fluid according 
Chapter 3 OMSO/Chol neutral Sterosomes 
 113
to the results from IR spectroscopy and DSC. The exact structure of these self-assemblies is not 
known. Because it is a monoalkylated amphiphile, OMSO likely forms micelles. In this case, 
there should be a region where two fluid phases (the lo phase and an OMSO-rich nonlamellar 
phase) coexist. Such region has been tentatively introduced in the temperature–composition 
diagram. However, it cannot be excluded that pure OMSO could form hydrated lamellar phases 
above 62 °C. In that case, a region where a single lamellar phase would continuously evolve from 
pure OMSO disordered lamellar phase to lo phase cholesterol-containing bilayers would be 
present in the temperature–composition diagram. Additional experiments are required to identify 
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Figure  3.7.  Proposed  OMSO/Chol  temperature–composition  diagram.  The  phase  boundaries 
identified by  were obtained  from  the shift of  the C–H band position  (see Figure 3.5). Those 
identified with  were determined from the DSC thermograms (Figure 3.2). The borders of the 
lo–solid OMSO coexistence region are defined from both DSC and IR spectroscopy. The lo–fluid 
OMSO  coexistence  region  (dotted  lines)  has  been  tentatively  introduced  to  reconcile  the 
formation of the lo phase by the eutectic mixture and the melting of OMSO.  
 
3.4.5 OMSO/Chol LUVs  
 
It has been shown that, despite their very high cholesterol content, it is possible to extrude 
several mixtures of sterols and monoalkylated amphiphiles when they form a lo phase.4, 6, 12 
Despite the fact that OMSO/Chol systems exist under a solid phase at room temperature, we have 
examined the possibility to prepare LUVs from the OMSO/Chol mixtures as the lo phase existing 
above 43 °C was found to be metastable at room temperature. Mixtures with various OMSO/Chol 
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molar ratios (3/7, 5/5 (the eutectic composition), and 7/3) were tentatively extruded, the LUVs 
being collected at room temperature. Table 3.2 reports the results of these attempts. It is 
impossible to extrude the 3/7 molar ratio OMSO/Chol mixture. It seems that the excess of the 
solid cholesterol plugs the pores of the polycarbonate filters. Conversely, extruded LUVs can be 
obtained from the OMSO/Chol mixtures with a 5/5 or 7/3 molar ratio. The quasi-elastic light 
scattering measurements indicate that the LUVs have, as expected, a hydrodynamic diameter 
consistent with the pore size of the filters (Table 3.2). The initial self-quenching of calcein 
entrapped in the LUVs was greater than 0.85, a typical value for entrapped calcein at a 80 mM 
concentration43. These results demonstrate the formation of LUVs with OMSO/Chol mixtures 
and their ability to encapsulate hydrophilic molecules. The passive release from calcein-loaded 
vesicles was determined (Figure 3.8). The leakage from OMSO/Chol LUVs (equimolar mixture) 
is very limited: even after 90 days, no significant release could be detected. Such limited passive 















3/7 Impossible to extrude 
5/5 112 ± 8 0.93 ± 0.04 
7/3 106 ± 11 0.91 ± 0.02 






Considering the lifetime of the metastable lo phase, it is inferred that these LUVs would 
exist under a solid form. We have carried out the IR spectroscopic analysis of OMSO/Chol LUVs, 
calcein-free or loaded with calcein; their behavior (Figure S3.2) is similar to that observed for 
multilamellar dispersions (Figure 3.6). Freshly prepared LUVs, which have been extruded, show, 
at room temperature, a C–H band position at around 2851 cm–1; this value remains relatively 
constant up to 60 °C. Upon incubation at room temperature, the C–H band frequency decreases to 
~2848 cm–1, implying the rigidification of OMSO alkyl chains. An increase of the frequency of 
the C–H mode is observed upon heating, in agreement with thermal disordering of the chain. This 
behavior is not influenced by the presence of entrapped calcein. 












 The stability of OMSO/Chol (5/5 molar ratio) LUVs was assessed as a function of pH 
(Figure 3.9), and the pH dependence of its calcein release is compared with that observed for 
PA/Chol (3/7 molar ratio) LUVs, a pH-sensitive system.4 The pH was modified by adding an 
aliquot of diluted NaOH or HCl solution directly to an aliquot of an LUV suspension and the 
leakage measurements were carried out after the stabilization of pH (typically after ~2 min), at 25 
°C. There is practically no impact of pH on calcein release from OMSO/Chol LUVs when 
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external pH is modified between 5.5 and 10. Because the OMSO/Chol system does not include 
any pH-sensitive group, it was expected that pH has little influence on their content release. This 
behavior contrasts with that of PA/Chol LUVs, for which no calcein release is observed between 
pH 6.5 to 10 but the calcein release is triggered at pH below 6.5; this pH-induced release was 
associated with the protonation of PA carboxylic group.4 In addition, we have examined the 
influence of the pH on the LUV size, using quasi-elastic light scattering. The size of OMSO/Chol 
LUVs remains constant at about 100 nm between pH 2 and 12. This behavior also contrasts with 
the previous aggregation/fusion observed below pH 6 for PA/Chol LUVs,4 an observation that 
was accompanied by the release of the entrapped calcein. In the case of OMSO/Chol LUVs, the 
absence of effect of pH on the LUV size and permeability illustrates the stability of these LUVs 
and is consistent with the hypothesis that the pH-triggered release is intimately associated with 
the change of surface charge density caused by the protonation/deprotonation of the carboxylic 







Chapter 3 OMSO/Chol neutral Sterosomes 
 119
3.5 Concluding remarks 
 
 This work extends the compositions of non-phospholipid liposomes formed with a 
monoalkylated amphiphile and a very high sterol content. It is possible to prepare fluid ordered 
bilayers when neutral OMSO and cholesterol are mixed. Because of the metastability of the lo 
phase at room temperature, the equimolar OMSO/Chol mixture can be extruded by conventional 
methods and form LUVs whose passive permeability is very limited. It is, to our knowledge, the 
first neutral system to form stable non-phospholipid liposomes with such high cholesterol content. 
This unique behavior is directly associated with OMSO properties. OMSO has an 18 carbon atom 
alkyl chain, providing a hydrophobic match with cholesterol. This equivalence is a contribution 
to the free energy favoring the mixing of the two species and was shown to be a prerequisite for 
the formation of stable lo-phase bilayers.2 At the interfacial level, the sulfoxide group provides a 
strong H-bond acceptor, a feature that appears to be critical for the distinct behavior of its 
mixtures with cholesterol. Two aspects of the intermolecular interactions could contribute to this 
behavior. First, S=O forms H bonds with hydroxyl groups that are stronger than those formed 
with C=O;20, 21 and those between OMSO and cholesterol could be sufficient to promote the 
mixing of the two species resulting in the formation of fluid bilayers. The strong H-bond network 
at the interface could be associated with the formation of the metastable phase if the solidification 
requires a significant rearrangement of this network. Actually, seminal work from Hargreaves 
and Deamer44 suggested, for analogous mixtures of alkylated soaps and homologous fatty 
alcohols, that the stabilizing interaction required to form fluid bilayers was an interfacial H-bond 
network between the constituents. Second, the sulfoxide group interacts also strongly with 
water,18, 22 and these interactions may provide the suitable hydration of the interface for forming 
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fluid bilayers. In the other monoalkylated amphiphile/sterol systems forming fluid lamellar self-
assemblies at room temperature, the presence of a charged functional group may play the role of 
ensuring proper interfacial hydration. The solidification of the lipid species would require the 
dehydration of the head groups; the energy required to break the interacting S=O/H2O pair (or 
even complex) could be considerable, leading to a slow interface dehydration and, as a 
consequence, the existence of the metastable phase. These two phenomena can both contribute to 
the behavior of the OMSO/Chol system. The properties associated with this distinct behavior 
expand the potential of these liposomes for applications in several areas such as drug delivery.
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It has been shown that mixtures of monoalkylated amphiphiles and sterols can form 
liquid-ordered (lo) lamellar phases. These bilayers can be extruded using conventional methods 
to obtain large unilamellar vesicles (LUVs) that have very low permeability and a specific 
response to a given stimulus. For example, pH variations can trigger the release from LUVs 
formed with palmitic acid and sterols. In the present work, the possibility to form non 
phospholipid liposomes with mixtures of stearylamine (SA) and cholesterol (Chol) was 
investigated. The phase behavior of these mixtures was characterized by differential scanning 
calorimetry, infrared, and 2H NMR spectroscopy. It is found that this particular mixture can form 
a lo lamellar phase that is pH-sensitive as the system undergoes a transition from a lo phase to a 
solid state when pH is increased from 5.5 to 12. LUVs have been successfully extruded from 
equimolar SA/Chol mixtures. Release experiments as a function of time revealed the relatively 
low permeability of these systems. The fact that the stability of these liposomes is pH dependent 
implies that these LUVs display an interesting potential as new cationic carriers for pH-triggered 
release. This is the first report of non phospholipid liposomes with high sterol content combining 
an overall positive charge and pH-sensitivity. 
  




Liposomes have been attracting considerable interest since British hematologist Dr. Alec 
Bangham et al. first reported their discovery in 1964.1 Over the last 50 years, liposomal 
nanotechnology has significantly evolved, and now liposomes have found applications in many 
fields including nanopharmaceutics,2 cosmetics,3 food,4 and textile5 industries. Liposomes are 
essentially used as nanocontainers for protecting, transporting and targeting solutes. Molecular 
features can be introduced in liposomes in order to craft some beneficial properties. For example, 
pH-sensitive liposomes are of interest for the release of encapsulated solutes at a specific location 
in cells or organisms where a distinct local pH prevails.6 Similarly, cationic liposomes display 
distinct advantages for some applications related to vectorization and delivery. For instance, in 
gene therapy, cationic liposomes are reported to interact and complex with DNA or 
oligonucleotides, markedly prevent nuclease degradation, enhance cellular uptake rate of 
oligonucleotide, and result in a better intracellular distribution.7-9 Cationic liposomes were also 
shown to enhance the stability of some anticancer drugs, such as paclitaxel,10 to improve cancer 
cell uptake and to target tumor microvasculature endothelial cells.11-13 Cationic liposomes were 
shown to be useful for dermal and transdermal drug delivery,3, 14, 15 and were found to have high 
affinity to bacteria biofilms.16  
 
Over the past decade, it has been reported that cholesterol (Chol) and other sterols can 
induce the formation of fluid lamellar phases when mixed with monoalkylated amphiphiles, such 
as palmitic acid (PA),17-19 N-acylethanolamine,20 lyso-palmitoylphosphatidylcholine (lyso-
PPC),21 cetylpyridinium chloride (CPC)22 octadecyl methyl sulfoxide (OMSO),23 and 
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cetyltrimethylammonium bromide (CTAB).24 Even though these monoalkylated amphiphiles or 
sterols do not form fluid lamellar phases once hydrated individually, their mixtures lead to stable 
liquid-ordered (lo) bilayers. Typically, these fluid bilayers include a high sterol content, varying 
between 50 and 75 mol %. At this point, some molecular prerequisites for fluid-bilayer formation 
have been identified. The hydrophobic match between the length of the alkyl chain (14–18 
carbon atoms) of the monoalkylated amphiphiles and that of the hydrophobic segment of 
cholesterol is essential for the formation of lo bilayers.25 The stability of those bilayers has been 
found to be intimately associated with the bilayer surface electrostatics. The presence of bilayer 
interfacial charges is suggested to be a key element in the intermolecular interactions between the 
bilayer components and is believed to contribute to the proper hydration of the interface. It has 
been established that large unilamellar vesicles (LUVs) can be obtained from these fluid bilayers 
using conventional extrusion methods. As the stability of PA/sterol bilayers is dictated by the 
protonation state of the fatty acid, the resulting liposomes are found to be pH-sensitive, the 
modulation of the bulk pH resulting in switching between the protonation/deprotonation states of 
PA molecules.18, 26 Moreover, it has been shown that one can control the pH at which the release 
is triggered by using PA derivatives with different pKa.27  
 
In this Article, we report the development of non phospholipid liposomes that are both 
cationic and pH sensitive, two features that have never been jointly crafted in a liposome. This 
investigation aims essentially at establishing that specific properties can be introduced in 
liposomes based on the current understanding of the rules dictating the formation of stable self-
assemblies. We examined the possibility of forming liposomes using stearylamine (SA) as the 
monoalkylated amphiphile, and cholesterol. The primary amine is a functional group whose 
protonation/deprotonation state can be exploited to control the surface charge density. The pKa of 
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monomeric stearylamine is 10.6,28 while its apparent pKa when inserted in phosphatidylcholine 
bilayers is approximately 9.5.29 Stearylamine was also selected because the length of its 18 
carbon alkyl chain matches the hydrophobic section of cholesterol.25 This fatty amine has been 
previously used to provide a cationic charge to phospholipid liposomes.14 First, the phase 
behavior of SA/Chol mixtures in different proportions was characterized by differential scanning 
calorimetry (DSC), infrared (IR) spectroscopy, and nuclear magnetic resonance spectroscopy of 
deuterium (2H NMR), to identify the conditions leading to the formation of lo phase bilayers. 
Second, we examined the possibility to extrude the SA/Chol mixtures forming fluid bilayers to 
obtain LUVs and characterized the stability and the permeability of these resulting liposomes. 
Finally, the pH-sensitivity of those cationic liposomes was assessed. 
  
4.3 Materials and methods 
 
Cholesterol (>99%), stearylamine (99%), tris(hydroxymethyl)aminomethane (TRIS) 
(99%), 2-[N-morpholino]ethanesulfonic acid (MES) (>99%), ethylenediaminetetraacetic acid 
(EDTA) (99%), NH4Cl (>99%), NaCl (>99%) and cholesterol-2,2,4,4,6-d5 (Chol-d5) were 
supplied by Sigma Chemical Co. (St. Louis, MO). 1-palmitoyl-2-oleyl-sn-glycero-
phosphocholine (POPC) was purchased from Avanti Polar Lipids, Inc. (Alabaster, AL). 3H-
glucose was obtained from Perkin Elmer (Boston, MA). Sephadex G-50 Medium was purchased 
from Pharmacia (Uppsala, Sweden). Methanol (spectrograde) and benzene (high purity) were 
obtained from American Chemicals Ltd. (Montreal, QC, Canada) and BDH Inc. (Toronto, ON, 
Canada), respectively. All solvents and products were used without further purification.  
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Mixtures of stearylamine and cholesterol were prepared by dissolving weighed amounts 
of the solid chemicals in a mixture of benzene/methanol 90/10 (v/v). The solutions were then 
frozen in liquid nitrogen and lyophilized for at least 16 h to allow complete sublimation of the 
organic solvent. Cholesterol was substituted by cholesterol-d5 for the 2H NMR experiments. The 
freeze-dried lipid mixtures were hydrated with a MES/TRIS buffer (TRIS 50 mM, MES 50 mM, 
NaCl 130 mM, EDTA 0.5 mM) providing a buffered range between pH 5 and 9, or with a 
TRIS/NH4Cl buffer (TRIS 50 mM, NH4Cl 50 mM, NaCl 130 mM, EDTA 0.5 mM) providing a 
buffered range between pH 7 and 11. The buffers were prepared with Milli-Q water for DSC and 
IR spectroscopy. Deuterium-depleted water was used for 2H NMR experiments. The final lipid 
concentration was 20 mg/mL for DSC and 30 mg/mL for IR and 2H NMR spectroscopy 
experiments. To ensure a good hydration of the samples, the suspensions were subjected to five 
temperature cycles from liquid nitrogen temperature to ~70 °C, and were vortexed between 
successive cycles. After hydration, the pH was measured and readjusted, if necessary, by the 
addition of an aliquot of diluted HCl or NaOH solution.  
 
DSC was performed with a VP-DSC microcalorimeter (MicroCal, Northampton, MA). 
The reference cell was filled with the corresponding buffer. Data acquisition was performed from 
25 to 80 °C, at a heating rate of 40 °C/h. Data acquisition and treatment were performed with the 
Origin software (MicroCal software, Northampton, MA). 
 
IR spectra were recorded on a Thermo Nicolet 4700 spectrometer, equipped with a KBr 
beam splitter and a DTGS-L-alanine detector. An aliquot of the sample was placed between two 
BaF2 windows separated by a 5 m-thick Teflon ring. This assembly was inserted into a brass 
Chapter 4 SA/Chol Cationic & pH-Sensitive Sterosomes 
 132
sample holder, whose temperature was controlled by Peltier thermopumps. Each spectrum was 
the result of 60 scans with a nominal 2 cm–1 resolution, Fourier transformed using a triangular 
apodization function. The temperature was varied from low to high, and there was a 5 min 
incubation period prior to the data acquisition. The reported band positions correspond to the 
centers of gravity calculated from the top 5% of the band.  
 
2H NMR spectra were recorded on a Bruker AV-400 spectrometer, using a Bruker static 
probe equipped with a 10 mm coil. The hydrated lipid suspension was transferred into a 
homemade Teflon holder that filled the coil. A quadrupolar echo sequence was used with a 90o 
pulse of 5.5 s and an interpulse delay of 30 s. The recycling time was 30 s. In the absence of a 
slow-relaxation solid phase, the recycling delay was reduced to 0.3 s. Typically 5000 FIDs were 
coadded. The temperature was regulated using a Bruker VT-3000 controller, and the data 
acquisition was carried out as a function of increasing temperature.  
 
LUVs were prepared by extrusion using a hand-held Liposofast extruder (Avestin, 
Ottawa, Canada). The dispersions were passed 15 times through two stacked polycarbonate filters 
(100 nm pore size) at room temperature. The chemical composition of the extruded liposomes 
corresponded to the initial SA/Chol proportions, as assessed by mass spectrometry. The 
hydrodynamic diameter and the zeta potential of resulting LUVs were measured at 25 ºC, using a 
Malvern Zetasizer.  
 
The glucose passive permeability of the LUVs was evaluated. Glucose (240 mM and an 
aliquot of 3H-glucose) was added to the SA/Chol mixtures, hydrated with a TRIS/NH4Cl buffer 
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(TRIS 50 mM, NH4Cl 50 mM, NaCl 10 mM, EDTA 0.5 mM), pH 7.5, before the freeze-and-
thaw cycles. The lipid concentration was 30 mg/mL, while the radioactivity was 43 Ci/mL. 
After extrusion, the glucose-containing vesicles were isolated at room temperature from the free 
glucose by gel permeation chromatography using Sephadex G-50 (column diameter, 1.5 cm; 
length, 25 cm), equilibrated with a TRIS/NH4Cl buffer (TRIS 50 mM, NH4Cl 50 mM, NaCl 130 
mM, EDTA 0.5 mM), isoosmotic with the glucose-containing buffer. The lipid concentration was 
then ~3 mg/mL. The glucose passive release was determined as a function of time by isolating 
the entrapped glucose of a 100 L aliquot of the vesicle suspension using a Sephadex G-50 spin 
column (0.4 cm in diameter, 7 cm in length). The radioactivity of an aliquot of the harvested 
fraction was measured. To take into account the sample dilution on the spin column, an aliquot of 
POPC liposomes, used as an internal standard, was added to the sample right before the spin 
column. POPC concentration in the harvested fraction was quantified using the Bartlett method.30 
The potential pH-triggered leakage of glucose was also examined. The external pH was modified 
by adding an aliquot of diluted HCl or NaOH solution to the LUVs suspension. Spin columns 
were used to isolate the released glucose, and % release was calculated as described above. The 
sample radioactivity was measured on a Beckman LS6500 counter.  
 
4.4 Results and discussion  
  
4.4.1 Thermal phase behavior of SA/Chol mixtures 
 
We first explored the phase behavior of the SA/Chol mixtures in order to identify whether 
this mixture can lead to the formation of a fluid lamellar phase, a prerequisite to the formation of 
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liposomes. The thermal behavior of SA/Chol mixtures with various compositions was examined 
by DSC. Figure 4.1 presents the thermograms of these mixtures hydrated at pH 5.5, a low pH 
ensuring the protonation of the amine groups. For pure stearylamine, the thermogram showed a 
sharp peak at about 58 °C, corresponding to the melting of the amphiphile. The presence of 
cholesterol, up to 30% molar ratio, led to a small downshift of the peak, while its width increased. 
When stearylamine and cholesterol were in equal molar proportion, no peak could be observed, 
suggesting the absence of transition over the whole investigated temperature range. For SA/Chol 
mixtures with larger cholesterol contents, a broad endothermic peak was observed at 35 °C. 
This endotherm is believed to be associated with excess solid cholesterol experiencing the 
transition from the anhydrous form I to the anhydrous form II.31 During the cooling, 
a transition was observed at 24 °C (data not shown), corresponding to the conversion of 
cholesterol anhydrous form II into its form I with a hysteresis of ~10 °C, in agreement with a 
previous report.31 Therefore, it is inferred that proportions of cholesterol larger than 50 mol % led 
to solid cholesterol, suggesting that the solubility limit of cholesterol in the SA/Chol system had 




Chapter 4 SA/Chol Cationic & pH-Sensitive Sterosomes 
 135
The thermal behavior of SA/Chol mixtures was also examined by IR spectroscopy. The 
position of the symmetric C–H stretching (C–H) mode, associated with the stearylamine alkyl 
chain, is mainly influenced by the trans–gauche chain isomerization and by the interchain 
coupling. As a consequence, it constitutes a sensitive probe for transitions involving a change in 
chain conformational order.32-34 The melting of pure hydrated stearylamine was easily detected at 
about 58 °C by the abrupt shift of the C–H band from ~2849.7 to ~2852.7 cm–1 (Figure 4.2). 
These positions are representative of highly ordered and disordered chains, respectively. The 
presence of cholesterol induced an increase of the C–H band wavenumber below the transition 
temperature and a reduction above the transition temperature; these changes led to the 
disappearance of the phase transition. This impact of cholesterol is reminiscent of its well-
established effect on phospholipid bilayers,35, 36 as cholesterol decreases and ultimately abolishes 
the gel to liquid crystalline phase transitions of phospholipids. An analogous effect is also 
observed for the mixtures of cholesterol with some monoalkylated amphiphiles, including 
palmitic acid and octadecyl methyl sulfoxide.23, 26 In these cases, however, in contrast with 
phospholipid/cholesterol bilayers, the monoalkylated amphiphile and the sterol exist in solid form 
below the transition temperature. At low temperatures, cholesterol prevents the formation of a 
solid phase by the monoalkylated amphiphiles, introduces fluidity in the self-assembly, and 
promotes the formation of a lo lamellar phase. At temperatures higher than the transition 
temperature, it orders the amphiphile alkyl chain, favoring again the formation of lo lamellar 
phases. The overall effect is a reduction of the frequency shift associated with of the transition, 
consistent with the DSC results. For mixtures containing 50 mol % or more cholesterol, the C–H 
position was 2851 cm–1 over the investigated temperature range, a value observed for lo 
lamellar phases.32, 37  








The C–H position of the IR spectra essentially reported the behavior of stearylamine alkyl 
chain in the mixtures. To investigate the phase behavior from the cholesterol point of view, 2H 
NMR spectroscopy of mixtures including deuterated cholesterol was carried out. Figure 4.3 
presents 2H NMR spectra of equimolar SA/Chol-d5 mixtures. At pH 5.5, the spectra displayed 
three fairly well-resolved powder patterns, typical of cholesterol solubilized in fluid bilayers. 
These spectra were very similar to those obtained for Chol-d5 inserted in other fluid bilayers 
formed by monoalkylated amphiphiles and cholesterol, such as PA/Chol17 and OMSO/Chol23 
systems, in phosphatidylcholine bilayers,38, 39 and even in biological membranes such as human 
red blood cell membranes,40 and membranes of mycoplasma Acholeplasma laidlawii (strain B).41 
The quadrupolar splittings measured between the maxima are reported in Table 4.1. Using a 
model previously described,17, 39 it was possible to reproduce the experimental values of 
quadrupolar splittings, assuming that cholesterol had axially symmetric motions in the bilayers, 
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and that the orientation of this axis of rotation in cholesterol molecule was similar to that 
determined for phospholipid bilayers.  is the fixed angle between the C–D bond and the 
cholesterol long axis, defined as the rotation axis. The values that we used (Table 4.1) were those 
previously determined for cholesterol embedded in a phosphatidylcholine matrix.39 Therefore, the 
only fitting parameter in this approach is the molecular order parameter, Smol, describing the 
whole-body motion of cholesterol. The fitted value for Smol, in the SA/Chol-d5 equimolar mixture 
was 0.95, indicating that the axis of rotation of cholesterol is practically parallel to the bilayer 
normal and that the molecules experience practically no wobbling. Such structure and dynamics 
were also proposed for the other cholesterol-containing systems mentioned above, and this 
behavior seems to be rather general. Combining DSC, IR, and 2H NMR results, we conclude that 
an equimolar SA/Chol mixture forms a fluid bilayer phase over the investigated temperature 
range.  













calcd Q  
(kHz) 
5.5 
2,4-2H2 ax 46.8 74.1 
0.95 
46.9 
2,4-2H2 eq 33.6 66.2 31.0 
6-2H 3.0 55.8 3.2 
12 
2,4-2H2 ax 50.0 74.1 
1 
49.4 
2,4-2H2 eq 34.2 66.2 32.6 
6-2H 4.3 55.8 3.3 
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4.4.2 Effect of pH on the phase behavior of SA/Chol mixtures 
 
The selection of stearylamine as the monoalkylated amphiphile was based on the 
hypothesis that the primary amine group could introduce in the system a pH sensitivity that may 
be exploited to trigger the release from the derived liposomes. Therefore, we examined the 
impact of pH on the phase behavior of the equimolar SA/Chol mixture, using DSC, IR, and 2H 
NMR spectroscopy. No transition was observed by DSC for the equimolar SA/Chol mixture 
when the bulk pH was between 5.5 and 9 (Figure 4.4). This observation is consistent with the IR 
results as the C–H position of the mixture spectra was, for these pH values, around 2851 cm–1 
over the whole investigated temperature range (Figure 4.5). These findings indicate the formation 













When the pH was increased to 11 and 12, the thermograms revealed two maxima, at 
around 34 and 40 °C. The transition at around 40 °C was also detected by IR spectroscopy from 
the shift of the C–H frequency, going from lower than 2850 cm –1 at low temperatures to ~2851 
cm–1 above the transition temperature. These values suggest that stearylamine chains underwent a 
transition from a solid to a lo lamellar phase. At pH 12, 25 °C, a single broad powder pattern was 
observed in the 2H NMR spectrum of the SA/Chol-d5 mixture (Figure 4.3). The quadrupolar 
splitting between the two maxima was 125 kHz. These spectra are identical to that obtained from 
solid cholesterol, all five deuterated positions giving rise to this single and maximum quadrupolar 
splitting, suggesting that the cholesterol molecules are immobile.17, 42 2H NMR spectra indicated 
that, at pH 12, cholesterol remained in a solid phase up to 37 °C. At 45 °C, the characteristic 
profile of cholesterol solubilized in fluid bilayers was obtained, and the solid-cholesterol 
contribution could no longer be observed. The quadrupolar splittings associated with this mobile 
cholesterol were very similar to those measured at pH 5.5 (Table 4.1). Therefore, the transition 
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observed at 40 °C was assigned to a transition from a solid to a lo lamellar phase in the equimolar 
SA/Chol mixture. The transition at about 35 °C observed in the thermograms recorded at high pH 
(Figure 4.4) is suggested to be associated with a crystalline reorganization of stearylamine. This 
transition was observed in the thermogram of pure hydrated stearylamine at pH 12, whereas the 
chain melting temperature of stearylamine was 66 °C in these conditions (data not shown). 
Furthermore, at pH 12, X-ray diffraction patterns obtained from pure hydrated stearylamine 
showed different crystalline features at 25 and 45 °C.  
 
These results altogether established that, in the equimolar mixture at pH < 9, protonated 
stearylamine is well mixed with cholesterol molecules, leading to the formation of stable lo 
lamellar phases. However, pH values greater than 9 lead to a phase separation giving rise to solid 
cholesterol as well as solid stearylamine; this behavior is associated with the deprotonated state 
of the amine group. Cholesterol however reduces the chain melting transition of stearylamine to 
40 °C and, above this transition temperature, lo lamellar phases formed with stearylamine and 
cholesterol were observed. We can conclude that the bilayers formed by an equimolar SA/Chol 
mixture at pH  9 are positively charged and pH-sensitive. Therefore, we examined whether they 
represent an opportunity to create novel pH-sensitive non phospholipid liposomes. 
4.4.3 Liposome properties 
 
The phase behavior of an equimolar SA/Chol mixture guided our selection of conditions 
that could lead to the formation of liposomes. It was shown previously that lo bilayers made of 
monoalkylated amphiphiles and sterols can be extruded despite their high sterol content.22, 23, 43 
The SA/Chol system displayed a similar behavior, and LUVs could be obtained by extrusion 
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from this mixture, at pH  9.5. Table 4.2 reports the size and the zeta potential of the resulting 
liposomes. The measured liposome diameters were, as expected, slightly larger than the pore size 
of the extrusion filters, and these sizes remained constant over at least 1 month. However, at pH 
10.5 and 11.5, the extrusion process was impossible as solid lipids would simply obstruct the 
filter pores. The liposomal surface charge density can be conveniently investigated by 
microelectrophoresis and characterized by the zeta potential. The zeta potential of 100 nm 
liposomes made from equimolar SA/Chol mixtures (Table 4.2) was 43 and 33 mV at pH 7.5 and 
8.5, respectively, indicating that the suspension is stable.44 The size increase and the small 
decrease of the LUV zeta potential observed with the pH increase are likely associated with the 






pH dLUVs (nm) Zeta potential (mV) 
7.5 101 ± 5 43 ± 3 
8.5 113 ± 10 33 ± 2 
9.5 170 ± 7 24 ± 2 
a The samples were hydrated in TRIS/NH4Cl buffers with pH varying from 7.5 to 9.5 
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 We have determined the permeability of the liposomes formed with an equimolar 
SA/Chol mixture, at pH 7.5. The passive leakage of glucose from these vesicles is presented in 
Figure 4.6. A progressive release was observed, and it took approximately 30 days to have about 
90% of the entrapped glucose released. As a comparison, more than 90% of encapsulated glucose 
leaked out from phosphatidylcholine liposomes containing between 40 and 50 mol % cholesterol 
within 10 days.43, 45 Therefore, we can conclude that the passive permeability of the SA/Chol 
liposomes is considerably more limited than that of cholesterol-containing phospholipid 
liposomes. It is proposed that the high cholesterol content makes the bilayers more rigid and 
thicker, resulting in a lower permeability. This cationic formulation seems however to be 
somewhat more permeable than PA/Chol liposomes. Only 10% of entrapped glucose was 
released after 30 days from the latter.43 This increased impermeability may be associated with the 






Chapter 4 SA/Chol Cationic & pH-Sensitive Sterosomes 
 144
 Because of the impact of the amine protonation state on the phase behavior of the 
SA/Chol mixture reported above, the LUVs formed with this mixture were expected to be pH-
sensitive. To demonstrate the pH-triggered release, we modified the external pH of a suspension 
of glucose-loaded liposomes initially prepared at pH 7.5 from an equimolar SA/Chol mixture, 
and the glucose release was measured. Figure 4.7 shows that the content release was strongly 
dependent on the external pH. For pH < 9.5, practically no leakage was observed. Conversely, for 
pH  11, the entrapped glucose was completely released within 10 min. The release profile as a 
function of pH is reminiscent of a titration curve with an inflection point at pH 10, corresponding 
to the pKa of the amine group.29 The rapid pH-triggered release is associated with the fact that 
neutral stearylamine and cholesterol molecules phase separate at high pH and exist in solid forms 
in these conditions. As pH was increased above 9.5, macroscopic aggregates could be observed in 
the samples, and vesicles could no longer be detected by dynamic light scattering. The formation 
of solid phases by the components would indeed be accompanied by the release of glucose that 
was initially entrapped in the liposomes. The reported behavior is reminiscent of PA/sterol 
LUVs, which are also pH-sensitive. A sudden burst of release of the entrapped materials was 
observed when the pH was lowered and PA became neutral (i.e., protonated).18, 43 The 
protonated/deprotonated state of the pH-sensitive group appears to be the crucial parameter 
leading to the triggered release.  
 
 








 These new findings reinforce the hypothesis that interfacial charges play a pivotal role in 
the stability of the fluid bilayers formed by binary mixtures of a monoalkylated amphiphile 
bearing a small polar head group (e.g., carboxylic, ammonium, etc) and a sterol. The binary 
mixtures that could form lo lamellar phases include unprotonated PA/Chol,26 protonated 
PA/cholesterol sulfate (Schol),19 CPC/Chol, CPC/Schol,22 CTAB/Chol,24 N-
alkylethanolamine/Chol20 and lyso-PPC/Chol21 systems. All of these mixtures include at least one 
charge at the head group level; it could be a zwitterionic headgroup like in the case of lyso-PPC. 
The stability associated with the presence of an interfacial charge is exemplified by the mixtures 
that include an ionizable group such as a carboxylic group19, 26 or an amine group (this work). In 
the presence of cholesterol, stable lo lamellar phases are obtained at room temperature when the 
monoalkylated amphiphile bears a charge: a negatively charged unprotonated carboxylic group in 
the case of fatty acids17, 19, 26 and a positively charged protonated amine group in the case of 
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stearylamine (this work). When the pH is modified in such a way that the monoalkylated 
amphiphile becomes neutral (a pH decrease in the case of PA to provide the protonated form and 
a pH increase in the case of stearylamine to provide the unprotonated form), the mixtures with 
cholesterol lead to a phase separation and to the disruption of the fluid bilayers.19, 26 It was found 
that the charge can also be carried by the sterol molecule as negatively charged cholesterol sulfate 
forms stable lamellar phases in the presence of neutral protonated PA.19 The importance of the 
interfacial charges in the stability of these fluid bilayers is proposed to arise from two 
phenomena. First, the lipid mixing is promoted by the presence of a charged species as the 
mixing would lead to a reduction of the unfavorable electrostatic repulsion. Such effect would 
exist for mixtures formed by a charged and a neutral species as well as in the cases where the two 
species bear charges of opposite sign such as CPC and Schol.22 Indeed, electrostatic stabilization 
would not be observed if the two species both carry negative charges such as in the case of 
unprotonated PA and Schol, which do not mix and do not lead to the formation of a lo lamellar 
phase.19 Second, the presence of interfacial charges is proposed to provide an appropriate 
hydration of the bilayer interface, a feature that is critical for the formation of a fluid bilayer.23  
 
 In conclusion, we discovered the possibility to form a lo lamellar phase with a binary 
mixture including stearylamine and cholesterol. These fluid bilayers were stable at room 
temperature only for pH lower than the pKa of the amine group (pH < 9.5). We also demonstrate 
that it is possible to extrude liposomes from the equimolar SA/Chol mixtures, leading to LUVs 
that display a positive zeta potential, are relatively impermeable, and are pH-sensitive. This new 
formulation not only extends the family of non phospholipid liposomes with high sterol contents, 
but it also establishes that the identified molecular requirements allow designing tailored 
liposomes from monoalkylated amphiphiles and sterol. In this Article, we targeted the formation 
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of cationic liposomes with a simple and cheap amphiphile. On the basis of the same rationale, we 
believe that it is possible to create novel cationic formulations using analogous molecules such as 
alkylated imidazole and glucosamine that would offer the opportunity to tune the pH-triggered 
release of the liposome content, based on their respective pKa. Such advances present a new 
avenue for making potentially useful nanovectors.  
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Grafting hydrophilic flexible polymers on the liposomal surface has successfully limited 
the rapid clearance of liposomes from the blood stream and has promoted their use as 
nanocarriers in intravenous therapy. Recently, several formulations of liposomes made of sterols 
and monoalkylated amphiphiles have been reported. They have a high sterol content and display 
a very limited permeability. In the present paper, we report the possibility to prepare these non 
phospholipid liposomes with interfacial polyethylene glycol (PEG). Cholesterol (Chol), one of 
the liposome components, was chosen as the PEG anchor. Up to 20 mol % of PEGylated 
cholesterol (PEG-Chol) could be introduced in liposomes prepared with palmitic acid (PA) and 
cholesterol without significant perturbations. Higher proportion of PEG-Chol led to the formation 
of mixed micelles. In the presence of 10 mol % PEG-Chol, the PA/Chol/PEG-Chol liposomes 
showed a very limited permeability to calcein and doxorubicin. Moreover they were shown to be 
stable from pH 5.5 to 9.5. We also report that, even in the presence of interfacial PEG, 
doxorubicin could be actively loaded in PA/Chol/PEG-Chol liposomes and a high drug loading 
efficiency (84%) and a high drug to lipid ratio (0.06) were obtained. These distinct properties 
suggest that PA/Chol/PEG-Chol liposomes have an interesting potential as nanovectors for 
intravenous drug delivery.  





It has been recognized that phospholipid liposomes could be used as drug vehicle for 
more than 35 years.1 Liposomes are biocompatible, biodegradable, biologically inert, weakly 
immunogenic, and they display a low intrinsic toxicity. All these features make them attractive 
drug carriers.2-4 The vectorization of drugs by liposomes presents several advantages over the 
free drug form. This approach can provide a slow release that expands the period during which 
the drug level remains in the therapeutic window. It can target, passively or actively, specific 
sites. It can reduce the acute toxicity of drugs. One of the limitations of liposomes used as drug 
carriers for intravenous administration, however, is their rapid capture and removal from the 
blood circulation by the mononuclear phagocyte system (MPS),5 leading to their accumulation in 
the liver and the spleen.6, 7 Because it leads to a tighter chain packing, the incorporation of 
cholesterol in liposomes reduces the transfer of lipids to high density lipoproteins and also 
prevents protein binding, extending the liposome circulation lifetime in the blood stream.8-11 A 
major breakthrough for improving circulation time and reducing MPS uptake was the 
introduction of gangliosides and sialic acid derivatives, such as monosialoganglioside (GM1)12, 13 
at the water/liposome interface. A similar effect was observed with interfacial polyethylene 
glycol (PEG).14, 15 This protective effect has been associated with the steric stabilization of 
liposomes.12, 16-19 The flexible chain of a glycolipid or a hydrophilic polymer occupies the space 
adjacent to the liposome surface, excluding other macromolecules, including lipoproteins, 
fibronectins, immunoglobulins, etc. Consequently, this shielding inhibits the interactions of MPS 
with liposomes and prolongs the liposome circulation lifetime. Such liposomes are referred to as 
stealth liposomes.4, 20, 21 
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PEG is an appealing macromolecule for obtaining stealth liposomes. It is a linear polymer 
with several suitable properties including biocompatibility, good solubility in aqueous and 
organic media, low toxicity, low immunogenicity and antigenicity, and good excretion kinetics.4 
Furthermore, its molecular weight can be easily modulated and it is relatively cheap to produce. It 
has been shown that PEG with a molecular weight between 1000 and 5000, anchored in bilayers 
with a phosphatidylethanolamine (PE) moiety displays a good miscibility with phospholipids; up 
to 11 mol % PEG could be grafted without observing phase separation or micelle formation.22, 23 
It was shown that the maximum circulation time of liposomes in the blood stream was obtained 
for liposomes with 5–10 mol % of interfacial PEG with a molecular weight of 1000 or 2000 
(anchored with distearoylphosphatidylethanolamine (DSPE) in that study).18 The protection of 
liposomes against phagocytosis was also improved with introducing PEG with a molecular 
weight of 2000 at its interface.15 An increase of the PEG molecular weight to 5000 had no effect 
on half-life time of liposomes in the blood stream or, in some reports, slightly decreased it.15  
 
PEG is water soluble and, in order to immobilize the macromolecule at the liposome 
interface, it must be anchored. The most current method utilized for achieving this goal is to 
covalently attach PEG to a phospholipid or a sterol. Because of the reactivity of the amine group, 
PEG-PE is commonly used.4 PEG-coupled with ceramide has also been synthesized as a neutral 
alternative.24 Ishiwata and coll.25 used a sterol anchored PEG for modifying the liposome surface. 
PEGylated cholesteryl ether led to an increased liposome circulation time in the blood stream 
similar to that previously obtained with PEG-DSPE.25-27 PEG cholesteryl ester was also 
synthesized and incorporated in phospholipid liposomes and niosomes to achieve long circulation 
lifetime.27-30 As hydrophobic anchor for PEG, cholesterol is an alternative that presents distinct 
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advantages. First, the chain ordering effects of cholesterol leads to fluid and less permeable 
bilayers. Second, it is electrically neutral and this property provides a reduced binding of plasma 
proteins to liposomes.31 Third, cholesterol is chemically stable, a useful feature regarding 
storage.32  
 
It has been shown that it is possible to form non phospholipid liposomes with 
monoalkylated amphiphiles and sterols. The binary mixtures that could successfully form 
liposomes include negatively charged mixtures of unprotonated palmitic acid (PA) or its 
analogues with cholesterol (Chol) or some other sterols,33-35 mixtures of negatively charged 
cholesterol sulphate (Schol) with neutral protonated PA or its analogues,34, 36 mixtures of 
positively charged cetylpyridinium chloride and Schol,37 stearylamine and Chol,38 and 
completely neutral mixtures of octadecyl methyl sulfoxide/Chol.39 A distinct feature of these non 
phospholipid liposomes is their high sterol content, which is between 50 and 70 mol %. This 
peculiar composition leads to a passive permeability that is drastically limited compared to 
traditional phospholipid liposomes. For example, it was found that about 70% of entrapped 
calcein, a negatively charged fluorophore, was still encapsulated after 1.5 years.34 In addition, 
these liposomes are pH sensitive when they include a fatty acid or an alkylated primary amine as 
the monoalkylated amphiphile. The pH-triggered release could be fine-tuned by selecting a fatty 
acid with an appropriate pKa.34 Because of these properties, non phospholipid sterol-rich 
liposomes display an interesting potential as drug vectors, especially in the cases of challenging 
drugs that leak rapidly from conventional phospholipid liposomes such as 5-FU.40 However, 
preliminary pharmacokinetics studies showed that, despite the very tight lipid chain packing that 
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could limit protein adsorption, these sterol-rich liposomes were cleared very rapidly (less than 5 
minutes) from the blood stream in rats (unpublished results). 
 
In the present study, we examined the possibility of introducing PEGylated cholesterol 
(PEG-Chol) in non phospholipid liposomes made of PA/Chol mixtures in order to combine the 
incomparably low permeability of those with improved blood circulation lifetime (Figure 5.1). 
We have determined the impact of the incorporation of PEG-Chol on the stability of these 
unusual bilayers using deuterium and pulsed-field-gradient 1H NMR, as well as cryo-electron 
microscopy. We investigated the amount of PEG-Chol that could be included in the non 
phospholipid bilayers without significant perturbation. We examined also the possibility to 
extrude the ternary mixtures to form large unilamellar vesicles (LUVs) and characterized the 
stability, the permeability and the pH sensitivity of the resulting liposomes. These findings 
provide us with a more detailed understanding of the influence of the hydration of the liposome 
interface on the stability of these self-assemblies. The present study also displays the feasibility 
of actively loading a drug in these non phospholipid vesicles. Active loading is an advantageous 
way to obtain high drug loading efficiency and high drug to lipid ratios, two parameters 
presenting considerable benefit for therapeutic purposes and the pharmaceutical industries. 
Because these liposomes with high sterol content are very impermeable, active loading may 
present a specific challenge. In addition, the presence of interfacial PEG likely reduces the 
internal vesicular volume, may induce some shielding of the pH at the interface, and as a 
consequence, may be unfavorable for high active-loading efficiency. For example, it was recently 
reported that the passive encapsulation efficiency of pentoxifylline in conventional liposomes 
was 10% whereas it dropped to 4.5% for PEG5000-Chol modified liposomes.29 We have 
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therefore investigated whether LUVs prepared from PA/Chol/PEG-Chol mixtures could be 
actively loaded with doxorubicin (DOX). DOX is a commercially available anticancer drug 
efficacious against a broad spectrum of solid and hematopoietc malignant disease.41 Its use is 
restricted by severe side effects such as vomiting, bone marrow suppression, alopecia, mucositis, 
cardiotoxicity and myelosuppression.42, 43 Liposomal DOX has been shown to have improved 
therapeutic index and decreased toxicity.44, 45 It is somehow a benchmark regarding drug active 
loading. DOX is an amphipathic weak base that can be actively loaded into the aqueous 
compartment of phospholipid liposomes through ammonium sulphate gradient with a high drug 
loading efficiency. The ammonium sulphate gradient approach does not require the preparation of 
liposomes in acidic pH, nor to alkalinize the extraliposomal aqueous phase, by contrast with other 
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Hydroxypolyethyleneglycol cholesteryl ether (PEG2000-Chol) was purchased from NOF 
Corporation (Tokyo, Japan). Cholesterol (> 99%), palmitic acid (99%), 
tris(hydroxymethyl)aminomethane (TRIS) (99%), 2-[N-morpholino]ethanesulfonic acid (MES) 
(> 99%), ethylenediaminetetraacetic acid (EDTA) (99%), NaCl (> 99%), Triton X-100 (99%), 
and deuterium-depleted water (> 99.99%) were supplied by Sigma Chemical Co. (St. Louis, MO, 
USA). Perdeuterated palmitic acid (PA-d31) (98.9%) and deuterium oxide (> 99%, D2O) were 
from CDN Isotopes (Pointe-Claire, QC, Canada). Calcein (high purity) has been obtained from 
Invitrogen (Burlington, ON, Canada). Sephadex G-50 Medium was purchased from Pharmacia 
(Uppsala, Sweden). Methanol (spectrograde) and benzene (high purity) were obtained from A&C 
American Chemicals Ltd. (Montreal, Qc, Canada), and BDH Inc. (Toronto, ON, Canada), 
respectively. Doxorubicin hydrochloride salt (DOX) (> 99%) was obtained from LC Laboratories 
(Woburn, MA, USA). Ammonium sulfate (> 99.0%) and Dowex® 50WX4 were supplied by Alfa 
Aesar (Ward Hill, USA). Dowex® 50WX4 was obtained as a strongly acidic cation exchange 
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5.3.2 Mixture preparation 
 
Mixtures of PA/Chol/PEG-Chol were prepared by dissolving weighed amounts of the 
solid chemicals in a mixture of benzene/methanol 90/10 (v/v). The solution were then frozen in 
liquid nitrogen and lyophilized for at least 16 h to allow complete sublimation of the organic 
solvent. For the NMR experiments, PA was replaced by PA-d31.  
 
5.3.3 2H NMR spectroscopy 
 
In order to form multilamellar vesicles (MLVs), the freeze-dried lipid mixtures were 
hydrated with a MES/TRIS buffer (TRIS 50 mM, MES 50 mM, NaCl 10 mM, EDTA 5 mM) 
providing a buffered range between pH 5 and 9. The MES/TRIS buffer was prepared with 
deuterium depleted water for the 2H NMR experiments. The final lipid concentration was 30 
mg/mL. The suspensions were subjected to five cycles of freezing-and-thawing (from liquid 
nitrogen temperature to ~70 oC) and vortexed between successive cycles, to ensure a good 
hydration of the samples. The samples were then transferred into homemade Teflon holders. The 
2H NMR spectra were recorded on a Bruker AV-600 spectrometer, using a Bruker static probe 
equipped with a 5 mm coil. A quadrupolar echo sequence was used with a 90o pulse of 2.9 s and 
an interpulse delay of 35 s. The recycling time was 60 s. In absence of a slow-relaxation 
component, namely a solid phase, the recycling delay was reduced to 0.3 s. Typically 4 000 FIDs 
were coadded. The temperature was regulated using a Bruker VT-3000 controller. The proportion 
of the isotropic phase could be estimated from the signal integrations prior to and after the 
elimination of the narrow central peak in the 2H NMR spectra. 
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5.3.4 1H NMR diffusion experiments 
 
In order to assess the inclusion of PEG-Chol in the liposomes, the diffusion coefficient of 
PEG was determined on extruded samples prepared from different composition, using 1H pulsed-
field-gradient NMR. MLVs prepared in a D2O-based MES/TRIS buffer were extruded using a 
handheld Liposofast extruder (Avestin, Ottawa, Canada). Typically the dispersions were passed 
15 times through two stacked polycarbonate filters (200 nm pore size) at room temperature. 1H 
NMR diffusion experiments were performed on a Bruker AV-400 spectrometer operating at 
400 MHz for 1H. The diffusion measurements were carried out at 25 oC using a Bruker diffusion 
probe (Diff60) equipped with a 1H/2H 5 mm coil. This probe includes one gradient coil, along the 
z axis, capable of delivering magnetic field gradients up to 2900 G/cm. The gradient strength was 
calibrated from the diffusion coefficient of 1% H2O in a D2O sample. The diffusion coefficient 
was measured using the stimulated echo (STE).47 Trapezoidal gradient pulses () of 1.50 ms and 
interpulse delays () of 100 ms were applied. The diffusion coefficients were obtained by fitting 
the variation of the echo intensity as a function of the gradient strength (G) using the following 
equation: 
     3//ln 20   DGSS                                          (5.1) 
where S and S0 are the integrated echo intensities with and without a field gradient and  the 
gyromagnetic ratio of the investigated nucleus. Typically, 32 scans were coadded for a given 
gradient strength and 32 gradient magnitudes were used for each attenuation curve. The 
temperature of the sample was controlled using the gradient coil cooling unit. The sample 
temperature was calibrated using ethylene glycol.  
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5.3.5 LUVs characterization 
 
In order to examine the possibility to prepare LUVs from the PA/Chol/PEG-Chol ternary 
systems, samples of different compositions prepared in a MES/TRIS buffer were extruded using 
a standard protocol (see above). Two stacked 100 nm polycarbonate filters were used. The 
hydrodynamic diameters of the LUVs were measured at 25 ºC using a Malvern nanosizer. The 
scattering light intensity was adjusted by diluting the dispersions with the MES/TRIS buffer. 
 
The conditions for the cryogenic transmission electron microscopy (Cryo-TEM) 
technique are detailed elsewhere.48 Briefly, an aliquot of the sample (~ 1 µL) was deposited on a 
copper grid covered with a carbon-reinforced holey polymer film, dabbed with a filter paper to 
form a thin film (10–500 nm) and incubated in a custom-built climate chamber at 25 °C and > 
99% relative humidity. The grid was then plunged into liquid ethane. The vitrified sample was 
kept below –165 °C and protected from ambient conditions during the transfer from the 
preparation chamber to the microscope as well as during the data acquisition. The micrographs 
were obtained using a Zeiss EM 902A Transmission Electron Microscope (Carl Zeiss NTS, 
Oberkochen, Germany), in the zero loss bright-field mode, with an accelerating voltage of 80 kV. 
The digital images were recorded under a low dose conditions with a BioVision Pro-SM Slow 
scan CCD camera (Proscan GmbH, Scheuring, Germany) and their contrast was enhanced using 
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5.3.6 Permeability measurements 
 
The permeability of the LUVs was measured using a standard procedure based on the 
self-quenching property of calcein at high concentration.49, 50 Briefly, LUVs loaded with calcein 
(80 mM) were prepared from PA/Chol/PEG-Chol mixtures hydrated with a MES/TRIS buffer, 
pH 8.4. The calcein-containing LUVs (100 nm pore size) were separated from free calcein by gel 
permeation chromatography, using Sephadex G-50 Medium gel (column diameter 1.5 cm, length 
25 cm), equilibrated with an iso-osmotic MES/TRIS buffer (MES 50 mM, TRIS 50 mM, NaCl 
130 mM, EDTA 5 mM, pH 8.4). The collected vesicle fraction was diluted 100 times with 
buffers of different pH and this was set as time = 0. These stock LUV suspensions were then 
incubated at room temperature.  
 
In order to study the passive leakage (external pH 8.4, corresponding to the internal pH), 
the calcein fluorescence intensity was measured from an aliquot of the stock LUV suspension 
freshly isolated by gel permeation chromatography, prior to (Ii) and after (Ii+T) the addition of 
Triton X-100 (10 L of a 10 (v/v)% solution prepared in the MES/TRIS buffer). It was assumed 
that calcein was initially completely encapsulated whereas the fluorescence intensity measured 
after addition of Triton X-100 corresponded to the complete release of entrapped calcein. 
 
After a given incubation time, the calcein fluorescence intensity was measured on another 
aliquot of the same stock LUV suspension before (If) and after (If+T) the addition of Triton X-100. 
The percentage of encapsulated calcein at that time in the LUVs was calculated according to: 
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% of encapsulated calcein 100   
I / )I - (I







                         (5.2) 
The % of release corresponded to (100 – % of encapsulated calcein).  
 
The pH-triggered leakage of calcein was also examined. The percentage of released 
calcein was calculated using Equation 5.2, except Ii and Ii+T corresponded to the measurements at 
pH 8.4, the initial pH, before and after the addition of Triton X-100 respectively. If and If+T were 
obtained on an aliquot at a modified pH, before and after the addition of Triton X-100 
respectively. The pH effect was examined for either an increase or a decrease in pH. The calcein 
fluorescence intensity was relatively constant over the investigated pH range.49  
 
The fluorescence intensities were recorded using a Photon Technology International 
spectrofluorometer. The excitation and emission wavelengths were set to 490 and 513 nm 
respectively and the band path widths were set to 1.0 and 1.6 nm for the excitation and emission 
monochromators, respectively.  
 
5.3.7 Active loading experiments  
 
Active loading was carried out using an ammonium sulfate gradient.46 PA/Chol/PEG-
Chol solid mixtures were hydrated with an ammonium sulfate solution (120 mM). The 
PA/Chol/PEG-Chol LUVs (100 nm diameter) were prepared as described above. The ammonium 
sulfate gradient was created by gel permeation chromatography, using Sephadex G-50 Medium 
gel (column diameter 1.5 cm, length 25 cm), equilibrated with an iso-osmotic NaCl solution (150 
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mM). A DOX solution, prepared in water containing 150 mM NaCl, was added to the collected 
vesicles in order to have a DOX/lipid molar ratio of 1/15. The LUVs suspensions were incubated 
at ~70 oC for 24 hours. In order to determine the drug loading efficiency, the LUV suspensions 
incubated with DOX were diluted 100-folds with the NaCl solution. Converted Dowex® 50WX4 
resin was added to an aliquot to remove the free DOX by complexation. The sample was 
centrifuged at 4000 rpm for 3 min and the DOX absorbance at 480 nm was measured. The 
absorbance was also measured for an aliquot without resin to obtain the total amount of DOX. 
The release of liposome-entrapped DOX was also characterized by UV-vis spectroscopy using 
the resin treatment to eliminate the released drug. HPLC-MS analysis was carried out on LUV 




5.4.1 Characterization of phase behaviors 
 
Figure 5.2 presents the 2H NMR spectra of PA-d31/Chol/PEG-Chol mixtures of various 
compositions. In these mixtures, the PA-d31/sterol molar ratio was always 30/70 and cholesterol 
was progressively substituted by PEG-Chol. This set of data provides us with the proportion of 
PEG-Chol that can be incorporated in the mixture while keeping a fluid lamellar arrangement. 
The spectra of PA-d31/Chol (30/70) mixture, pH 8.4 (Figure 5.2A, top row), are essentially 
characteristic of a fluid lamellar phase. They correspond to several overlapping powder patterns 
with different quadrupolar splittings, associated with the gradient of orientational order existing 
along the acyl chains.51-54 The quadrupolar splitting of the outermost doublet of the spectrum 
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recorded at 25 oC was 55 kHz; this large value is typical of lipids in the lo phase.51, 52, 55 These 
spectra indicate that the lo phase formed by this mixture is stable over the whole investigated 
temperature range, in agreement with previous results.51 Actually, temperature variations between 
25 and 60 oC had limited effect on these systems, the value of the quadrupolar splitting of the 
outermost doublet decreasing by only ~5 kHz. Once 20% or more of PEG-Chol was introduced 
in the liposomes, a narrow peak centered at 0 kHz appeared, indicating the formation of an 
isotropic phase. The evolution of the proportion of isotropic phase in the ternary systems, as a 
function of PEG-Chol content is summarized in Figure 5.3. For PEG-Chol content lower than or 
equal to 20%, all the fatty acid appeared to exist in the fluid lamellar phase. Larger proportion of 
PEG-Chol led to a steady increase of the proportion of the isotropic phase. More than 85% of 
PA-d31 exists in the isotropic phase for the PA-d31/Chol/PEG-Chol 30/20/50 mixture. Higher 
temperatures favored the formation of the isotropic phase in the mixtures including 30% or more 
of PEG-Chol (Figure 5.2A). 
 



















It has been shown that a decrease of pH favors the formation of solid components in the 
PA/Chol system,33, 56 a property giving rise to pH-sensitive formulations. In order to investigate 
the pH sensitivity of the PEG-containing mixtures, their spectra were recorded at pH 5.0 (Figure 
5.2B). At temperatures below 50 °C, the spectra of a PA-d31/Chol 30/70 mixture displayed only a 
signal typical of solid and immobile PA-d31. At 50 °C and above, the solid signal completely 
disappeared and only a fluid lamellar component was observed, in agreement with previously 
reports.33, 56 Its width was found to be very similar to that observed at pH 8.4 (Figure 5.2A), 
suggesting a comparable orientational order of the alkyl chain. The presence of PEG-Chol in the 
mixtures led to the formation of fluid bilayers at low temperatures (below 50 °C). For example, at 
25 °C, the spectrum of PA-d31/Chol (30/70) mixture indicated that the fatty acid was completely 
solid whereas it was completely in a fluid lamellar phase in the PA-d31/Chol/PEG-Chol 30/63/07 
mixture. The coexistence of solid and fluid bilayers was observed for the mixtures containing 4% 
of PEG-Chol. The presence of PEG-Chol in the mixture downshifted the solid-to-fluid lamellar 
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phase transition as the system containing 4% PEG-Chol was completely fluid at 37 °C and that 
with 7% PEG-Chol existed in the fluid lamellar phase over the whole investigated temperature 
range. At high temperatures and pH 8.4, the presence of PEG-Chol has a very limited effect on 
the PA-d31/Chol/PEG-Chol mixtures. The 2H NMR spectra indicated the formation of fluid 
bilayers and the measured quadrupolar splittings were similar to those obtained for the mixture 
without PEG-Chol in the same conditions. By promoting the formation of fluid bilayers at low 
temperatures, PEG-Chol inhibits the pH sensitivity of the PA/Chol mixture; stable fluid bilayers 
were observed between pH 5.0 and 8.4 when the system included between 7 and 20% of PEG-
Chol. 
 
The 2H NMR spectra provided a detailed characterization of the phase behavior from the 
fatty acid (PA-d31) point of view. In order to examine the behavior of PEG-Chol in these systems, 
we have measured the diffusion of PEG using pulsed-field-gradient 1H NMR. This analysis is 
based on the assumption that it is possible to distinguish between PEG-Chol inserted in 200 nm 
liposomes and PEG-Chol that would exist under a micellar form on the basis of the PEG 
diffusion coefficient. Typically, there is one order of magnitude difference in the diffusion 
coefficient of micelles (~10–11 m2/s) and of liposomes (~10–12 m2/s).57 The diffusion coefficient 
was obtained from the PEG-Chol band at ~3.66 ppm. For all the investigated PA-d31/Chol/PEG-
Chol mixtures (PEG-Chol proportions varying from 0 to 100), a single exponential could 
reproduce the decay of the relative signal as a function of the gradient strength (see Eq. 5.1), and 
consequently, a single diffusion coefficient was inferred (Figure 5.4). Pure PEG-Chol in D2O 
forms micelles.25 The measured diffusion coefficient was 2.0 × 10–11 m2/s, a value corresponding 
to that reported for PEG2000-PE micelles.58 When PEG-Chol was mixed with PA and cholesterol 
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and its proportion was between 1 and 20%, the PEG diffusion coefficients were relatively 
constant and corresponded to about 2.4 × 10–12 m2/s. This value is consistent with the diffusion 
coefficients reported for PEG2000-PE inserted in 100 nm phospholipid liposomes (~5 × 10–12 
m2/s).58 When the proportion of PEG-Chol was increased, the PEG diffusion coefficient also 
increased to reach, in the case of PA-d31/Chol/PEG-Chol 30/20/50 LUVs, a value similar to that 
of pure PEG-Chol in D2O. These results showed that PEG-Chol was successfully introduced in 
the fluid bilayers made of PA and cholesterol up to 20%. When its proportion was higher, the 
formation of smaller self-assemblies that diffused faster than liposomes was reported. This 
conclusion is in good agreement with the 2H NMR results indicating the fast isotropic motions of 





5.4.2 Dynamic light scattering and cryo-TEM 
 
It has been shown that, despite their very high cholesterol content, it is possible to extrude 
several mixtures of sterols and monoalkylated amphiphiles when they form a lo phase.33, 35-37 We 
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examined the influence of PEG-Chol on the extrusion process of the PA/Chol/PEG-Chol ternary 
systems. Table 5.1 summarizes the characterization of the extruded LUVs by dynamic light 
scattering. LUVs with a unimodal size distribution were obtained from the extrusion of 
PA/Chol/PEG-Chol fluid bilayers with 30/66/04 and 30/60/10 molar ratios. Their average 
diameter was about 100 nm between pH 5.5 and 9.5, consistent with the pore diameter of the 
polycarbonate filters (100 nm). This observation is consistent with the existence of stable bilayers 
inferred from 2H NMR. PA/Chol/PEG-Chol LUVs were also examined by cryo-TEM (Figure 
5.5). The impact of pH was studied by varying the external and internal pH to 8.4 or 5.0. The 
mixture containing 4% PEG-Chol, with internal/external pH 8.4/8.4 led predominantly to 
spherical vesicles of fairly uniform size. When both inside and outside pH of LUVs were 5.0, 
LUVs (Figure 5.5b) were also obtained but it seemed that they were less spherical than those 
formed at pH 8.4. The morphology of the vesicles prepared in the presence of 10% PEG-Chol 
were affected; although spherical and unilamellar vesicles dominated the samples, elongated, 
peanut-like, and convex (red blood cell like) shaped vesicles were observed for both pH 8.4/8.4 
and 5.0/5.0. 
Table 5.1. Hydrodynamic diameter of PA/Chol/PEG‐Chol LUVs dLUVs at various pH values. 
Molar ratio 30/66/04 30/60/10 
pH dLUVs (nm)  dLUVs (nm)  
5.5 92 ± 9  92 ± 5  
6.5  88 ± 3  89 ± 6  
7.4  93 ± 2  92 ± 5  
8.4  102 ± 10  92 ± 7  
9.5  88 ± 4  90 ± 6  
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5.4.3 PA/Chol/PEG-Chol LUV permeability 
 
The PA/Chol/PEG-Chol LUVs loaded with calcein were prepared by extrusion at pH 8.4 
as described above. The entrapped calcein showed an initial self-quenching of more than 0.90, a 
value close to that expected for an 80 mM calcein solution.49, 59. The passive release of calcein 
from these vesicles at pH 8.4 was determined as a function of time (Figure 5.6). The leakage 
from PA/Chol/PEG-Chol LUVs (with a molar composition of 30/66/04 and 30/60/10) was very 
limited: even after three months, no significant release could be detected. This notable ability to 
retain the encapsulated calcein is one of the most efficient reported for PEGylated liposomes. For 
example, it compares advantageously to DPPC/Chol/PEG-DSPE liposomes, for which more than 




Figure  5.6.  Passive  leakage  of  entrapped  calcein  from  PA/Chol/PEG‐Chol  30/66/04  (ᇞ)  and 
30/60/10 (▽) (molar ratio) LUVs, measured at room temperature, pH 8.4. 
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The permeability of the PA/Chol/PEG-Chol LUVs was also assessed as a function of pH 
(Figure 5.7). As shown previously,35 PA/Chol LUVs (30/70 molar ratio) are pH-sensitive: they 
were stable between pH 7 and 9.5 whereas a significant calcein release was observed for pH 6.0 
or below. Contrasting with this behavior, no significant calcein release was observed from the 
LUVs containing PEGylated cholesterol when the external pH was modified between 5.5 and 9.5. 




30/66/04  (ᇞ)  and  30/60/10  (▽)  LUVs.  The  measurements  were  carried  out  at  room 
temperature, ~24 h after the pH change. 
 
5.4.4 DOX active loading and release 
 
A transmembrane ammonium gradient across a liposome membrane induces a 
transmembrane pH gradient that can drive DOX across the bilayer.46 This strategy for active 
loading was applied to the liposomes made of PA/Chol/PEG-Chol (30/60/10 molar ratio). The 
encapsulation efficiency of DOX was calculated to be 84%, and the resulting drug to lipid ratio 
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was 0.06 (molar ratio). These parameters are comparable to those previously obtained with 
phospholipid-based liposomes.46, 61-63 It should be pointed out that the reported trapping 
efficiency is very good since the drug to lipid ratio is expressed in molar terms and the 
investigated liposomes were formed from a monoalkylated amphiphile, in contrast to 
phospholipids, which bear two hydrophobic chains. The stability and the passive release of DOX-
loaded liposomes were also examined. The results are summarized in Figure 5.8. It is shown that 
the non phospholipid liposomes displayed a very limited permeability to DOX; the drug slowly 
leaked out from the LUVs and only ~20% of encapsulated DOX was released after a three-month 
period. The stability of DOX-loaded PA/Chol/PEG-Chol LUVs was significantly improved 
compared to active-loaded phosphophatidylcholine liposome containing 38 mol% of cholesterol 
and 5 mol% of PEG-lipid (PEG-DSPE or PEG-Chol). For those formulations, more than 30% of 












The present study reveals that it is possible to introduce PEGylated cholesterol into non 
phospholipid liposomes prepared from palmitic acid and cholesterol. Up to 20 mol % of PEG-
Chol can be included in the ternary system without significant phase separation. 2H NMR results 
show that all the palmitic acid molecules are included in the fluid lamellar phase while the 
diffusion coefficient of PEG-Chol indicates that PEG-Chol molecules are anchored to the 
liposomes. Moreover the cryo-EM analysis showed that spherical unilamellar vesicles dominated 
the samples for the PA/Chol mixtures that included 4 and 10 mol % of PEG-Chol. With 10 mol 
% PEG-Chol, different morphologies such as elongated, dumbbell-like and erythrocyte-like 
shapes were observed occasionally. According to the elastic model of vesicle shape,64, 65 such 
form changes could be associated with an imbalance of the areas of the inner and outer leaflets of 
the bilayer. The higher curvature of the inner leaflet compared to that of the outer leaflet could 
lead to differences in the intermolecular interaction between interfacial PEG and/or to an uneven 
distribution of PEG between the two leaflets; these could be at the origin of the changes in 
morphology. These alterations were likely precursors of the more drastic transformations 
observed with larger PEG-Chol content. Beyond 20 mol % of PEG-Chol, an isotropic phase is 
formed (Figure 5.3, looking at PA-d31) and the diffusion coefficient of PEG-Chol increases to the 
value obtained for PEG-Chol micelles (Figure 5.4). These results are likely due to the formation 
of mixed micelles of PEG-Chol with PA and likely cholesterol. It seems that the bilayer 
solubilization is complete and only the micellar form is observed when the mixture contains 
about 50 mol % of PEG-Chol. This behavior is reminiscent of the introduction of PEG-lipids in 
phospholipid bilayers. PEG2000-DSPE can be included in liposomes without altering their 
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structures when its proportion is less than 20 mol % for eggPC bilayers, and less than 10 mol % 
for DMPC ones.66 It was also shown that up to 7 mol % of PEG1000-PE or PEG3000-PE could 
be inserted in DPPC bilayers without a phase separation.22 Beyond 7 mol %, a progressive 
transformation from a lamellar to a mixed micellar phase was observed. The complete conversion 
to micelles was reached when the PEG-PE content was above 17 mol %. The incorporation of 
cholesterol (≥ 30 mol %) in DPPC bilayers increased the cohesive strength of the bilayers and 
inhibited the phase separation in the presence of up to 20 mol % PEG1000-PE. Stable unilamellar 
vesicles could be prepared from diglycerol hexadecyl ether/Chol mixtures in the presence of 10 
mol % PEG1000-Chol or 5 mol % PEG2000-Chol.30 An increased proportion of interfacial 
polymers led to the formation of open disk-shaped aggregates that were the only observed 
structures when the PEG-lipid proportion reached 20 mol %. We conclude that a moderate 
proportion of PEG-Chol can be inserted in PA/Chol liposomes without significant morphological 
changes, in an analogous way to phospholipid liposomes.  
 
It has been shown that PA/Chol system forms stable fluid bilayers only at high pH (≥ 7.5) 
while lower pH favors the formation of solid phase cholesterol and palmitic acid.56 It has been 
inferred that the protonation state of the carboxylic group dictates the bilayer stability through its 
modulation of the lipid mixing properties and the bilayer interface hydration. At lower pH, PA 
head group is protonated, favoring phase separation from cholesterol and reducing the hydration 
of the bilayer interface; as a consequence, the destabilization of the fluid lamellar phase is 
observed.34, 36 In the present work, it is shown that the incorporation of PEG-Chol favors the 
formation of a lo phase at lower pH. For example, typical spectrum of cholesterol inserted in 
fluid bilayers was obtained at pH 5, 25 °C, when the PA-d31/Chol system included 7 mol % PEG-
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Chol (Figure 5.2B). It is possible that the presence of PEG hydrophilic chains at the bilayer 
interface maintains a suitable degree of hydration of the bilayer, a parameter that is important for 
the stability of fluid bilayers.67, 68 Furthermore, it has been shown that the presence of the 
interfacial PEG decreased the bilayer pH-sensitivity.69 The apparent pKa of PA in this case, is 
probably shifted to a lower value. This might be associated to the decrease of the concentration of 
protons at the interface. Consequently, a large proportion of PA may still sit in the unprotonated 
states, resulting in the formation of lamellar phases and a much reduced pH-sensitivity. The 
promotion of the fluid bilayer phase by the presence of PEG-Chol makes the extrusion of the 
ternary mixtures possible and the formation of LUVs even at low pH such as 5.0. It was proved 
impossible for PA/Chol system at such low pH.36  
 
PEG-Chol-containing non phospholipid liposomes display a limited passive permeability 
compared to that generally observed for PEGylated phospholipid liposomes, as is shown in this 
paper for calcein as well as for DOX. This distinct impermeability is consistent with that 
previously reported for other similar systems prepared from a monoalkylated amphiphile and a 
sterol.33, 35 This property has been associated with the high content of cholesterol leading to an 
increase in alkyl chain order, a thickening of the hydrophobic region of the bilayer,52, 70-72 and a 
decreased permeability. The insertion of PEGylated cholesterol in the PA/Chol bilayers does not 
appear to have a significant effect on the passive permeability of the resulting LUVs. This 
observation is in good agreement with the absence of influence of PEG-Chol on the quadrupolar 
splittings of PA-d31 in the 2H NMR spectra of PA-d31/Chol/PEG-Chol systems, the splittings 
being representative of the alkyl chain orientational order and consequently of the bilayer 
thickness. The pH-stimulated release from the PEG-coated non phospholipid liposomes was 
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however significantly decreased. Actually, practically no release could be triggered by decreasing 
the external pH to 5.5, in contrast to a pH-triggered release of about 20% for the naked PA/Chol 
liposomes (Figure 5.7). This result is consistent with the impact of interfacial PEG on the phase 
behavior of PA/Chol mixtures. As discussed above, the presence of interfacial PEG promotes the 
formation of a fluid lamellar phase at pH as low as 5. As a consequence, the solid–fluid transition 
of PA/Chol system observed for a pH variation from 5 to 8.4 is no longer detected in the presence 
of 10 mol % PEG and the system remains in the fluid lamellar phase over the whole pH range. 
This phenomenon appears to be common as a similar behavior was also reported for some PEG-
coated phospholipid liposomes. For example, the inclusion of 1 or 5 mol % PEG-DSPE in pH-
sensitive DOPE/oleic acid liposomes shifted the pH-trigged release curve towards more acidic 
regions and reduced the extent of the leakage that could be induced.69 The presence of only 1 mol 
% PEG-DSPE in the formulation led to a decrease of release from > 90% without PEG to ~20%, 
when the pH was set to 5. Similarly the pH-sensitivity of cholesteryl hemisuccinate/DOPE 
liposomes was attenuated in the presence of PEG-PE:73 the nearly complete release of the 
liposome content could be trigged at pH 5, while the inclusion of 2 mol % PEG-PE reduced the 
induced leakage to ~20%. Therefore, the presence of interfacial PEG changes the chemistry of 
the interface and it seems that it attenuates the pH-response of the functional groups such as the 
carboxylic group, leading to the reduction or even the loss of pH-responsiveness of the 
PEGylated liposomes. 
 
Finally we examined the performance of PA/Chol/PEG-Chol liposomes for active loading 
of DOX. It is shown that DOX could be successfully loaded in the aqueous compartment of these 
LUVs with a conventional approach based on an ammonium sulfate gradient. A high drug 
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loading efficiency (84%) and a high drug to lipid ratio (0.06) were obtained, despite the much 
reduced bilayer permeability of these liposomes and the presence of interfacial PEG. The 
reported values are comparable to those reported for phospholipid liposomes.46 
 
In conclusion, we described and characterized a novel ternary non phospholipid 
liposomes made of PA/Chol/PEG-Chol. It is shown that up to 20 mol % of PEG-Chol can be 
introduced in these non phospholipid sterol-rich liposomes without disturbing the lamellar 
phases. The presence of PEG, anchored using a cholesterol moiety, makes PA/Chol/PEG-Chol 
liposomes stable between pH 5 and 9.5. A very low permeability was obtained for encapsulated 
calcein and DOX. Active loading of DOX can be achieved by this ternary system. These 
distinctive properties suggest that PA/Chol/PEG-Chol liposomes possess an interesting potential 
as nanocarriers for delivery of drugs. Pharmacokinetics investigations of the circulation lifetime, 
the biodistribution and the targeting effects will be carried out in our future work. 
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Conclusions and Future Perspectives 
 
 
This work provided us with a deeper understanding of the prerequisites for the formation 
of lo lamellar phases by mixtures of monoalkylated amphiphiles and sterols, and on the 
properties of the derived Sterosomes. This study allowed us to design functionalized Sterosomes 
with desired properties for specific applications. 
 
6.1 New Sterosome formulations 
 
In the present thesis, the Sterosome family was extended with several new formulations. 
Four different sterols (dihydrocholesterol, 7-dehydrocholesterol, stigmastanol, and stigmasterol), 
were found to form LUVs with PA. The resulting LUVs displayed different extent of 
permeability (Chapter 2). Complete neutral Sterosomes were first crafted with OMSO and Chol 
(Chapter 3). The designed dual functionalized Sterosomes with a positive surface charge, and pH-
sensitivity were formulated with SA and Chol (Chapter 4). The last new formulation was the 
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6.2 Novel discovery and developments 
 
Prior to this thesis, a few Sterosome formulations with extremely low permeability had 
been reported, such as PA/Chol,1 PA/Schol,2 and CPC/Schol.3 pH-sensitive Sterosomes were 
only formulated with PA and its derivatives.4 In this thesis, we have extended the identification 
of molecular prerequisites, and gained a deeper understanding of intermolecular interactions 
leading to these self-assemblies, through the research on the new Sterosome formulations.  
 
The nature of the sterols had significant effects on the formation of lo lamellar phases. All 
the sterols studied in this thesis were able to order the alkyl chains. However, sterols bearing a 
non-bulky alkyl tail chains led to a tighter chain packing in the bilayers.5 This molecular feature 
played a more important role than the details of the ring network on the propensities to form lo 
lamellar phases, on the stability and the permeability of the resulting Sterosomes.5 The half-time 
of calcein release was 20, 30, and 70 days for PA/stigmasterol, PA/stigmastanol, and PA/7-
dehydrocholesterol, respectively.5 This finding made the PA/sterol Sterosomes versatile from the 
passive release point of view; one can modulate the rate of passive leakage simply by changing 
the sterol in the mixture. 
 
All the PA/sterol Sterosomes displayed similar pH-sensitivity.5 No significant differences 
were observed from the different nature of the sterols, an additional evidence that the pH 
sensitivity is directly dictated by the protonation state of the carboxylic group, dictating the 
surface charge density. Negatively charged PA/sterol Sterosomes were stable, due to the 
electrostatic interactions favoring the lipid mixing and the suitable hydration of the interface. 
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Using a similar strategy, a primary amine group was introduced to form Sterosomes.6 The 
protonated ammonium group provided the LUVs a positive charge and stability. pH-triggered 
release was achieved with the deprotonation of amine group, leading to a neutral surface.  
 
The project of OMSO/Chol7 mixture shed new light on understanding the intermolecular 
interactions within these self-assemblies. It was proposed that a strong hydrogen bond network 
involving the sulfoxide group, the hydroxyl group of cholesterol, and the surrounding water 
molecules promoted the mixing of the two neutral species, favored the hydration of the interface, 
and as a consequence, led to the formation of lo lamellar phase. It appeared, however, that H-
bonds did not provide the same stability as interfacial charges and the lo bilayers were found to 
exist in a metastable state. This metastable phase, however, allowed extruding the mixture at 
room temperature to form LUVs. Surprisingly, the LUVs appeared to still exist even after the 
solidification of both species. The encapsulated calcein remained inside these “solid” LUVs for 
more than three months. A temperature–composition diagram was proposed to summarize the 
phase behavior of this neutral system (Figure 3.7).  
  
Preliminary experiments were performed on the intravenous administration with the 
initial PA/Chol Sterosomes. Unfortunately, they were cleared very rapidly from the blood 
circulation despite the high content cholesterol in the formulation. Efforts have been devoted to 
develop this formulation to “stealth” Sterosomes, by anchoring PEG at the LUV interface using a 
cholesterol moiety. A systematic characterization was performed on these ternary mixtures. It is 
found that up to 20 mol % PEG-Chol can be introduced in the membrane without disturbing the 
bilayer structure. With the inclusion of 7 mol % PEG-Chol, stable lo phases are observed even at 
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low pH, contrasting with the phase separation observed for PA and Chol mixtures under the same 
conditions. The presence of PEG at the interface has no significant impact of the permeability, 
but inhibits the pH-sensitivity of the formulation. These phenomena are similar to those observed 
in phospholipid bilayers with PEG.8 Active-loading of anti-cancer drug, DOX, is successful, 
despite the much reduced bilayer permeability of these liposomes and the presence of interfacial 
PEG. A high drug loading efficiency (84%) and a high drug to lipid ratio (0.06) have been 
obtained. These values are important for the application in drug delivery. 
 
6.3 Suggestions for future work 
 
During this work, it was found that the presence of high valence ions affected the 
formation process of vesicles — a finding not included in the thesis. However, once the 
Sterosomes were formed, their influence on the liposome stability was drastically reduced or 
even disappeared. Up to now, the origin of their impact remains unclear, and therefore, it would 
be a very interesting project to examine the behavior of these non phospholipid liposomes in the 
presence of high valence ions. For example, one can study the affinity of different high valence 
ions, such as PO43– and SO42–, to various monoalkylated amphiphiles, sterols, and examine 
whether these ions induce phase separations that would be unfavorable to the formation of fluid 
lamellar self-assemblies. 
 
The exchange of molecules in such condensed membranes is not characterized. The 
exchange of amphiphilic molecules between membranes, between a membrane and the 
monomers or the micelles in the milieu, and between leaflets, has an influence on the bilayer 
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structure and the functionality of biomembranes. Studies on the exchange of molecules in 
phospholipid vesicles have been carried out.9, 10 However the impact of chain packing on these 
processes is not defined. It would be valuable contribution to study molecular exchange on our 
Sterosome systems as they are among the lamellar systems with the highest chain packing. These 
studies could highlight some physicochemical control of these dynamics and if it turns out to be 
significant, it would be interesting to investigate if it also plays a role in plasmic membranes. 
 
The deformability and the viscoelasticity in biological membranes control many 
biological functions, e.g., the rather unique micromechanical properties of red blood cells allow 
them to go through capillaries.11 It was shown that the inclusion of cholesterol had significant 
impact on the micromechanical properties of the membrane.12 Generally, the more cholesterol in 
the membrane, the stiffer it becomes. Because of the high content of sterols in Sterosome 
membranes, it is of interest to explore the micromechanical properties of bilayers with such 
highly ordered chains. 
 
In light of this work, other functionalized formulations can be designed and crafted. For 
example, photosensitive amphiphiles can be introduced in Sterosomes to provide nanocarriers 
with limited passive permeability and light-triggered release. Pharmacokinetics in vivo tests with 
PEGylated Sterosomes should be conducted to determine their circulation time in the blood 
stream, the permeability and biodistribution of encapsulated drugs. Some anti-cancer drugs, such 
as 5-FU,13 could not be trapped efficiently in conventional phospholipid liposomes. Therefore, it 
is worthy to evaluate the retention of those challenging drugs in our Sterosomes.  
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From the application point of view, our Sterosomes could be valuable candidates as 
nanocarriers for active ingredients in many fields. The amphiphiles used in Sterosomes have a 
relatively low cost, and are more stable for storage compared to conventional phospholipids. 
Doxorubicin-loaded liposomes were the very first nanocarrier formulation approved by the US 
FDA and the European Medicines Agency (EMA) as cancer therapeutics. This formulation 
improved the quality of life of cancer patients. In an analogous way, our Sterosomes, with their 
distinct properties, may eventually be employed as active-ingredient carriers in many fields 
(Figure 6.1), including cosmetics, foods, textiles, etc. With future bioengineering application 
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